High fuel flexibility of solid-oxide fuel cells (SOFCs) affords the possibility to use relatively cheap, safe, and readily available hydrocarbon (e.g., CH 4 ) or coal syngas (i.e., CO-H 2 mixtures) fuels. Utilization of such fuels would greatly lower fuel cost and increase the feasibility of SOFC commercialization, especially for near-term adoption in anticipation of the long-awaited so-called "hydrogen economy." Current SOFC technology has shown good performance with a wide range of hydrocarbon and syngas fuels, but there are still significant challenges for practical application. In this paper, the basic operating principles, state-of-the-art performance benchmarks, and SOFC-relevant materials are summarized. More in-depth reviews on those topics can be found in Kee and co-workers [Combust. Sci. and Tech., 2008, 180, 1207-1244 and Proc. Combust. Inst., 2005, 30, 2379-2404 and McIntosh and Gorte [Chem. Rev., 2004, 104, 4845-4865]. The focus of this review is on the fundamentals and development of detailed electro-and thermal (or simply, electrothermal) chemistry within the SOFC anode, including electrochemical oxidation mechanisms for H 2 , CO, CH 4 , and carbon, as well as the effects of carbon deposition and sulfur poisoning. The interdependence of heterogeneous chemistry, charge-transfer processes, and transport are discussed in the context of SOFC-membrane-electrode assembly (MEA) modeling.
Introduction
Solid-oxide fuel cells (SOFCs) are the most efficient devices known to convert the chemical energy of a fuel directly into electricity. 1 Research on SOFCs is vast, and their development has been long and continuous, primarily because these devices carry a set of attractive features. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] SOFCs (and other fuel cells) offer high conversion efficiencies and an environmentally friendly alternative to modern combustionbased systems, but their high operating temperature (600-1000 • C) allows greater fuel flexibility than most other fuel cells (though materials selection and sealing can be an issue at very high temperatures).
The high fuel flexibility of SOFCs affords the possibility to use relatively cheap, safe, and readily available carbonbased fuels instead of hydrogen. Additionally, CO 2 capture in SOFC-based systems can be achieved at lower cost and lower system complexity than in conventional combustion systems, because the fuel and oxidizer in a SOFC are not in direct contact as in traditional combustion processes. This facilitates CO 2 sequestration without the need for expensive gasseparation technologies.
Despite the apparent promise and advantages of SOFC as an energy-conversion technology, several obstacles must be overcome before SOFCs move beyond the early stages of commercialization. For example, improving efficiencies without the use of precious metal catalysts, finding catalysts with higher tolerances to fuel impurities, preventing deactivation of the anode as a result of carbon deposition when using carbon-based fuels, long-term operational reliability and durability, sealing problems, stack and system integration issues, and overall production costs.
A comprehensive review on the operating principles, performance, and current challenges associated with SOFCs utilizing hydrocarbon and syngas fuels can be found in Kee and co-workers 6, 7 and McIntosh and Gorte. 18 In this paper, we provide a further review on the research and developmental status of typical hydrocarbon-or coal-syngas-fueled SOFCs by focusing on the following topics:
• fundamental mechanisms of electrode chemical and electrochemical reactions, specifically in the anode;
• anode materials, particularly in the context of carbon deposition and tolerance to sulfur poisoning;
• coupling of electro-and thermochemistry with transport in physics-based models of SOFC membrane-electrode assemblies (MEAs). The basic operating principles in a SOFC membrane-electrode-assembly (MEA). In the left bubble, oxygen molecules are reduced at the cathode and the oxygen ions are conducted through the electrolyte. The oxygen ions move through the electrolyte into the anode (right bubble), where they are used for electrochemical oxidation of fuel at the three-phase boundary (TPB). Electrons released in the charge-transfer reactions are conducted through the anode (metal), to the external circuit.
A better understanding of these topics is essential for further improvement and optimization of SOFCs operating on hydrocarbon or coal-derived fuels.
Operating principles and materials
The electrochemical charge-transfer reactions and some of the thermochemical (reforming) reactions in a SOFC take place in the membrane-electrode assembly (MEA) as shown in Fig. 1 . At the positive electrode (cathode), oxygen is reduced to generate oxygen ions O 2− , which are conducted through the electrolyte to the negative electrode (anode), where they electrochemically oxidize the fuel (e.g., CO, H 2 , CH 4 ) to produce electrons, which flow through the external electrical circuit generating a current. During this process, the Gibbs free energy (or chemical potential energy) of the global reaction of fuel and oxidizer is converted into electricity and heat.
Requirements of the membrane-electrode assembly
The membrane-electrode assembly (MEA) is the heart of any fuel cell. In a SOFC, the MEA consists of a dense oxygen-ionconducting electrolyte sandwiched between two porous electrodes. On the anode side, gas species in the fuel channel are transported through the porous cermet network of the electrode to electrochemically reactive sites known as triple-or three-phase boundaries (TPBs). It is generally accepted that current-producing charge-transfer reactions only occur at or very near the TPB, where the electron conductor (metal), ion conductor (oxide), and necessary gas-phase reactants (in the pore space) come together. Each phase is necessary for the transport of reactants to or removal of products from the reactive site. The interdependence of heterogeneous chemistry, charge-transfer reactions, and transport (ion, electron, and gas phase)-and the influence of electrode microstructure on these processes-determine the rate and ability of the cell to deliver current.
The basic operating principles of SOFCs determine key requirements for each component. For instance, the electrolyte should possess maximum ionic conductivity and minimum electronic transport over a wide range of oxygen chemical potentials at relatively high temperature. The anode and cathode should possess high catalytic activity for fuel oxidation and oxygen reduction, respectively. In addition, the porous electrodes should be designed with appropriate microstructure to provide an abundance of chemical and electrochemical reaction sites (to promote charge-transfer), high solid-phase connectivity (for electron and ion conduction), and a connected pore network (to reduce limitations of mass transport). [19] [20] [21] If one tries to produce a high-porosity cermet, the result may be low connectivity between the solid phases and therefore low electrochemical activity; if one tries to create more surface area for electrochemistry by creating smaller pores, the result is hindered gas transport. SOFC components should also be mechanically and chemically compatible, and should be stable under fabrication and operating conditions. These requirements and other considerations (e.g., material degradation issues) are the key driving forces for continued studies on SOFC materials.
Common SOFC electrolyte and electrode materials
As one of the core components of the MEA, the electrolyte is usually made of a dense solid metal-oxide. One of the most common electrolyte materials in SOFCs is yttria-stabilized zirconia (YSZ)-zirconia (ZrO 2 ) with 8% yttrium added as a dopant.
In the temperature range 650-1000 • C, YSZ is a good conductor of oxygen ions, O 2− . 1 In addition, a number of novel ionic conductors have been studied (for a brief review, the reader is referred to Ref. 10 ), e.g., La 1−x Sr x Ga 1−y Mg y O 3−(x+y)/2 (LSGM)-based perovskites; La 2 Mo 2 O 9 (LAMOX); Bi 4 V 2−x M x O 11−y (BIMEVOX); several pyro-chlores with relatively high ionic transport, such as (Gd,Ca) 2 Ti 2 O 7−δ ; apatite materials derived from Ln 10−x Si 6 O 26±δ , where Ln represents a lanthanideseries element, collectively known as rare-earth elements; 16 as well as proton-conducting materials, which allow for a significant decrease in operating temperature while improving performance. 22 Moreover, gadolinia-doped ceria (GDC), samaria-doped ceria (SDC), and other ceria-based electrolytes have received a great deal of attention because of their ability to conduct oxygen ions at lower temperatures than YSZ. [23] [24] [25] [26] [27] The cathode in SOFCs is usually composed of porous perovskite materials, which are oxides characterized by relatively good electronic conduction at high temperatures in an oxidizing atmosphere. The most widely used cathode materials in SOFCs are strontium-doped lanthanum manganite (La 1−x Sr x MnO 3 , or LSM), strontium-doped lanthanum colbaltite (La 1−x Sr x CoO 3−δ , or LSC), the relatively novel strontium-doped lanthanum ferrite (La 1−x Sr x FeO 3−δ , or LSF), and strontium-doped lanthanum cobalt ferrite (La 1−x Sr x Co 1−y Fe y O 3−δ , or LSCF). 13 These cathode materials act as mixed ionic-electronic conductors (MIECs), which eliminates the need for a metal to serve as an electrocatalyst and current collector. Unfortunately, many of the cathode materials are excellent for applications in an oxidizing atmosphere, but are subject to reduction by the fuel of an SOFC and therefore cannot be used on the anode side.
SOFC anodes are generally porous ceramic-metallic (cermet) composites of an electrolyte (e.g., YSZ) and a metal (such as nickel, Ni). The metal acts as a catalyst to promote fuel oxidation, and serves as an electronic conductor; while YSZ serves to conduct O 2− ions up into the porous anode, effectively extending the TPB region, and provides a support structure to prevent the sintering of nickel. 12, 17 The YSZ also helps to closely match the thermal-expansion coefficients of the anode and electrolyte, preventing cracking and leakage caused by thermal cycling. To convert hydrocarbon fuels, Cu is preferred because of its resistance to carbon deposition, and ceria-based oxides (e.g., Ce 1−x Gd x O 2−δ , or GDC) are commonly used because ceria is an excellent electrocatalyst for CH 4 (in addition to being a good oxygen-ion conductor at reduced temperatures). 8, 28, 29 When using natural gas or coal syngas as a fuel, possible homogeneous gas-phase reactions occurring within the anode include methane reforming, the water-gas shift (WGS), methane cracking, the Boudouard reaction, and CO hydrogenation.
Porous Ni-YSZ cermets (and small variations thereof) are currently the most common anode material used for SOFC applications because of their low cost, chemical stability in reducing atmospheres at high temperatures, and closely matched thermal-expansion coefficients with the dense YSZ electrolyte. In addition, nickel and YSZ are essentially immiscible in each other and non-reactive over a wide temperature range. This enables relatively simple preparation of Ni-YSZ anodes by sintering a mixture of NiO and YSZ powders (generally in the range of NiO:YSZ = 1:1 by weight), then reducing in an atmosphere of the gaseous fuel. However, the Ni-YSZ anode is especially prone to carbon deposition when using carbon-based fuels, and exhibits low tolerance to sulfur. Additional drawbacks include low oxidation/reduction cycling stability, and nickel agglomeration with 1-45 | 3 long-term operation. 14, 15, 18, 30, 31 Nickel is an excellent catalyst for hydrocarbon fuel reforming, shifting, and cracking, which leads to rapid carbon deposition inside the SOFC anode and causes coking and deactivation at desired operating temperatures. To some extent, optimizing SOFC operating conditions can avoid carbon deposition. For example, increasing steam content can suppress carbon deposition by steam reforming and WGS reactions. Also, reducing the operating temperature below 750 • C can prevent carbon deposition on many oxides by disabling CH 4 dissociation. 24 Recent work has shown that nanostructured barium-oxide/nickel (BaO/Ni) interfaces (created by vapor deposition of BaO into Ni-YSZ) facilitate water-mediated carbon-removal reactions. 32 The nanostructures readily adsorb water, and the dissociated OH ad (BaO) from H 2 O ad (BaO) reacts with C ad (Ni) near the BaO/Ni interface to produce CO and H species, which can be electrochemically oxidized at the TPB in the anode. The BaO/Ni-YSZ anode displayed stable operation and high power density in C 3 H 8 , CO, and gasified carbon fuels at 750 • C, with no observable microstructural change and minimal carbon buildup.
In recent years, researchers have rigorously investigated SOFC performance with different fuels, including hydrogen, hydrocarbons, and syngas, and with various material and support structures. Table 1 shows selected examples of cell performance from recent studies, which provides a representation of the state-of-the-art research and developmental status of SOFCs fueled with hydrogen, hydrocarbon, or syngas. Because materials are important for chemistry and electrochemistry, additional details of anode material development with hydrocarbon and syngas fuels will be discussed in the next section.
Modeling of SOFC membrane-electrode assemblies
Detailed physics-based models are important for fuel cell development because they afford the opportunity to study each process independently, as well as how one process is connected to the others. It is difficult to study them experimentally in porous electrodes because of, among other challenges, physical access limitations to inner regions of the electrode. The fundamental conservation equations (e.g., momentum, energy, and species transport) that underlie all models are more or less the same, but the detailed formulations and implementations vary widely based on general assumptions and modeling specifics. Single-cell or MEA models are critical for informing larger macroscale models, but they are also highly useful in interpreting and planning button-cell-type experiments, investigating rate-limiting processes, and exploring the impact of electrode microstructure on fuel cell performance. Many of these models employ elementary chemistry and electrochemistry coupled with complex porous-media transport in the electrodes. The level of detail in such a model can vary widely, from detailed elementary reaction mechanisms for heterogeneous chemistry 40, 41 and charge-transfer [42] [43] [44] [45] [46] (each formulated from more specific chemical-kinetics models and pattern-anode experiments), to reduced Butler-Volmer representations based on an assumed rate-limiting or global reaction; [47] [48] [49] and from particle-level representations of the electrode microstructure, 50 to averaged homogenized parameters describing its structure. Just as well, because porous-media transport plays a central role in the performance in SOFCs, approaches to modeling mass transfer are also widely varied. Due to the level of detail and physically-based foundation of the MEA-type models, they can provide excellent predictive capabilities that can be used for SOFC design and optimization.
The coupling and incorporation of electro-and thermochemistry with species transport into physics-based models are discussed below. The discussion introduces the equations that need to be solved and terms to be evaluated based on chemical and electrochemical kinetics. The fundamental equations can be solved if the species' (neutral and charged) production rates are known. These rates are determined by the mechanisms discussed in the second half of this paper.
Equilibrium, open-circuit, or Nernst potential
The reversible cell potential (Nernst potential) E rev between the fuel and oxidizer streams is the theoretical maximum potential difference the cell could achieve for a given fuel composition. Because of depletion and dilution of the fuel and oxidizer streams, this potential can vary along the length of the cell. The Nernst potential is calculated as
where ∆ r G and ∆G • are the temperature-dependent Gibbs free energy of reaction and standard-state free energy change, respectively, associated with the global oxidation reaction, n e is the number of transferred electrons, F = 96485.34 C/mol is the Faraday constant, R is the universal gas constant, T is the temperature, p k is the partial pressure of species k (in atmospheres), and ν k are the stoichiometric coefficients in the global reaction (with ν k < 0 for reactants). Assuming chemical equilibrium exists for species in the anode channel,
where K p is the thermodynamic equilibrium constant. The Nernst potential can therefore be written in terms of the oxygen partial pressures in the anode and cathode channels The membrane-electrode assembly (MEA) composition follows as "a" for anode/"el" for electrolyte/"c" for cathode. All cells are anode supported unless otherwise noted. where |ν O 2 | is the absolute value of the stoichiometric coefficient for oxygen, and p O 2 ,c and p O 2 ,a are the partial pressures of oxygen (in atmospheres) at the cathode and anode (subscripts c and a), respectively. The anodic partial pressure p O 2 ,a is determined by equilibrium chemistry in the anode fuel channel. Note that regardless of which oxidation reaction is taking place, the number of electrons per mole of oxygen is constant (i.e., n e /|ν O 2 | = 4). This is because the stoichiometry is set by the cathodic reduction reaction, and is independent of fuel type (and therefore, the anodic half-cell reaction). The influence of the anodic chemistry and electrochemistry appears indirectly through the anode oxygen partial pressure p O 2 ,a .
The overall half-cell reduction-oxidation (redox) reactions for four typical fuels (anode) and oxygen (cathode) can be written as Anode half-cell oxidation reactions:
Cathode half-cell reduction reaction:
Note that this nomenclature uses generic names in place of specific material names (i.e., "el" for electrolyte instead of "YSZ"); both will be used in this paper. To make the Nernst
equation concrete, consider the case of CO electrochemical oxidation, for which the global oxidation reaction is
The reversible potential follows as
The approach to computing the reversible cell potential in Eq. 1 7 Even if the entering fuel stream contains no H 2 , it may be generated in situ within the anode by catalytic cracking, reforming, and/or shifting chemistry with a hydrocarbon fuel. The open-circuit voltage (OCV) will therefore generally be close to the reversible potential for hydrogen oxidation, and not the higher value that would be obtained for the global hydrocarbon-oxidation reaction. 7 Fig . 2 shows the calculated reversible cell potential of different fuels over a range of temperatures using Eq. 2. The results indicate that the reversible cell potential from the oxidation of H 2 (top left panel) or CO (top right) decreases with a higher system temperature and increases with a higher system pressure. Alternatively, the reversible cell potential from the full oxidation of CH 4 (bottom left, straight lines) or solid carbon (bottom right, slight negative-sloping line) is pressure independent. The influence of controlling oxidation reaction on the OCV is illustrated graphically in the bottom two panels. For both, the curves (as opposed to the straight lines) are calculated assuming all anode-side half reactions are in partial equilibrium, so the fuel stream is in a state of full chemical equilibrium and the reversible potential is calculated according to Eq. 2 using the equilibrium anode-side oxygen partial pressure. For methane oxidation, it is immediately evident that full oxidation (straight lines) of CH 4 determines the OCV at lower temperatures, while partial oxidation (not shown) of CH 4 is correlated to the positive-sloping behavior at higher temperatures and higher methane partial pressures. Moreover, oxidation of H 2 contributes to the decreasing OCV at higher temperatures and higher product partial pressures. For the electrochemical oxidation of solid carbon, the competing oxidation mechanisms and their influence on the reversible cell potential are very clear-at lower temperatures, full oxidation to CO 2 is favored, while partial oxidation to CO is preferred at higher temperatures.
Current-dependent overpotentials
Under operating conditions, the actual operating cell voltage E cell will be reduced from the open-circuit potential by several irreversibilities. These irreversibilities are associated with various internal losses (polarizations), each characterized as a voltage loss (overpotential). Common losses include the ohmic polarization loss η ohm due to electronic and ionic resistivities; activation polarization losses (at the anode η act,a and cathode η act,c ) due to reaction barriers and charge-transfer limitations; concentration polarization losses (at the anode η conc,a and cathode η conc,c ) due to spatial variations in reactant and product concentrations at chemically active sites (controlled by gas-phase transport); and other losses η other from mechanical contact resistance between the electrodes and the electrolyte structure, current leakage, leakage of oxygen from the cathode to the anode due to inadequate sealing, and so on. In terms of current-dependent overpotentials, the operating cell potential may be written as
Each of the overpotentials increases with increasing current density i, so the difference E rev − E cell also increases (i.e., as the cell delivers higher current, the internal losses increase, and the operating potential moves further from the reversible potential). The limiting current is reached when the sum of the internal losses equals the reversible potential and E cell = 0. Moreover, each of the overpotentials can be obtained from MEA models, facilitating a better understanding of the sources of loss and how to minimize them. There are inherent limitations to beginning with the Nernst potential and subtracting various overpotentials according to Eq. 8, namely its application to equilibrium fuel mixtures only (e.g., it cannot be applied to non-equilibrated CH 4 -H 2 O mixtures) and the required Butler-Volmer assumption used to compute an activation overpotential (which disallows the use of a full elementary kinetic description of the electrochemistry). However, this traditional view of fuel-cell function has practical utility in developing predictive models, and provides a platform to research, characterize, and understand each of the polarization losses. The reader is referred to Kee and coworkers 47, 48, 52 for an explanation and discussion of each of the overpotentials. We provide an overview of the concentration and ohmic overpotentials in Appendix A. and thermodynamic efficiencies ε rev (insets) for different fuels over a range of temperatures at pressures of 1 atm (thick lines) and 10 atm (thin lines). The fuel streams are equilibrated mixtures of the indicated ratios for fuel and oxidation products-as the fuel becomes more diluted, think of this as being representative of moving along the flow channel. The OCV is calculated assuming air as the oxidant. The reversible efficiency is calculated from 4 , and bottom right for electrochemical oxidation of solid graphitic carbon C(gr). For methane oxidation, the straight lines give the OCV calculated assuming full oxidation of methane to CO 2 and H 2 O (pressure independent), and the curves give the OCV from a full equilibrium calculation using the GRI30 mechanism in Cantera. 51 Reversible efficiencies are calculated based only on the full oxidation of methane. For carbon oxidation, the two straight lines assume oxidation to CO only (positive slope) or CO 2 only (slight negative slope and independent of pressure) over the entire temperature range, whereas the curved line accounts for the thermodynamically favored oxidation product (which shifts from CO 2 at lower temperatures, to CO at higher temperatures). Fig. 3 illustrates the dependence of cell voltage and power density on current density for a fuel mixture of 50% H 2 in H 2 O. The shaded areas elucidate the relative magnitudes and contributions of the various overpotentials plotted in a cumulative fashion (i.e., each overpotential appears as its value plus the sum of overpotentials below it). In other words, the top of the shaded region is a quantitative measure of the total amount of available chemical potential that is used to overcome internal losses, decreasing the cell potential from its open-circuit value. The curves are calculated using a one-dimensional anode-supported MEA model already described in the literature. [47] [48] [49] Because the cathode is very thin, the cathode concentration overpotential is essentially zero. Different MEA structures will have different characteristic overpotentials and e., no current flow), the cell potential is given by the Nernst potential. As the current density increases, so too do the overpotentials, until the total losses equal the Nernst potential. At this current, the cell voltage and power go to zero. This is known as the limiting current density and occurs when all the available chemical potential is used to overcome internal losses. Generally, at low currents, the cell response is dominated by charge-transfer reaction kinetics quantified by the activation overpotentials.
The linear central portion of the cell voltage curve is often attributed to ohmic losses, while the concentration overpotentials affect the shape of the curve at high current densities (and are therefore typically responsible for limiting the maximum attainable current from the cell). At high current densities, reactants are quickly used in charge-transfer reactions and new reactants cannot be sufficiently supplied through the phases of the porous electrodes.
Activation overpotential.
Because the electrodes are electronic conductors and the electrolyte is an ionic conductor, the charge cannot directly move between the electrode and electrolyte. Alternatively, one or more electrochemical charge-transfer reactions are needed. Since the electrodes and the electrolyte all have free charge carriers, each one is, to a good approximation, internally charge neutral, with any excess charge being distributed on its surface. The interface behaves as a capacitor, with buildup of excess charge on one side of the interface and equal but opposite charge on the other. The very thin (nanometer scale) region at the interface where charge is stored is termed the electric double layer, and the electric potential varies sharply in this region. As electrons are transported across the double-layer region, charge-transfer reactions must overcome the potential difference from one side to the other. The electric potential difference between the electrode and electrolyte E i = Φ i − Φ e,i is written in terms of the electrode potential Φ i and the potential within the electrolyte Φ e,i just outside the double-layer region at the electrode/electrolyte interface. Here, as before, i is used as a general index to indicate "a" for anode or "c" for cathode. This potential difference less the equilibrium potential difference E eq i (i.e., the potential difference with no net current flow) is the activation overpotential η act,i = E i − E eq i . Other than being a function of current density, the activation overpotential depends on charge-transfer kinetics, which are sometimes controlled by surface diffusion or adsorption/desorption reactions.
Charge-transfer processes are among the least understood aspects of fuel cell chemistry. A number of charge-transfer mechanisms have been proposed in the literature, even for the relatively simple electrochemical oxidation of pure H 2 , and many of these are discussed in the sections to follow. The main focus of this paper concerns the electrochemistry of H 2 , CO, and syngas mixtures. A hydrocarbon fuel is generally reduced to these active species through reforming and shifting processes (internal or external of the anode) and/or partial oxidation reactions within the anode. For fuels containing only a small amount of H 2 , it is generally assumed that the hydrogen electro-oxidation pathway is dominant. 48 Although this is a nearly universal assumption in SOFC modeling, it is also well known that cells can run on pure CO. 33 Zhu et al. 48 noted that as the incorporation of elementary electrochemistry into SOFC modeling advances, it will be important to include multiple competing charge-transfer pathways in the electrochemical reaction mechanism.
In general, proposed mechanisms are either used (i) to support experimental observations by structure, e.g., dependence on global oxidation reaction species partial pressures, or identifying the anodic and cathodic charge-transfer coefficients from Tafel plots; or (ii) to be predictive tools, in which case the kinetic parameters must be known for all reactions in the mechanism. Models that incorporate detailed multistep electrochemistry consisting of elementary reactions involving only a single transferred electron with no a priori assumption about a rate-limiting process (e.g., see Refs. 42-46) will almost certainly be necessary when multiple competing chargetransfer pathways are open. Some modeling efforts consider only a global charge-transfer process; 55 while others begin with a detailed multistep mechanism, but reduce the full mechanism to a single rate-limiting step and derive a Butler-Volmer formalism 56 by assuming all other reactions are in equilibrium. 20, 21, [47] [48] [49] 57, 58 The activation overpotentials quantify the polarization losses in each electrode due to charge-transfer limitations and reaction barriers. Just as the reactants in a chemical reaction process must overcome an energy barrier, i.e., the activation energy, the reactants in charge-transfer electrochemical reactions must overcome not only a thermal energy barrier, but also an electric potential. 47 Temperature-dependent rate constants for a chemical reaction are typically expressed using an Arrhenius relation of the form k = AT n exp(−E/RT ), where A is a pre-factor and E is the activation energy. Similarly, the rate expressions for an electrochemical reaction can be written generally as
where A is again a pre-factor, E the activation energy, n e the number of electrons transferred in the reaction, F is Faraday's constant, and η act,i is the activation overpotential for electrode i. The sign of the argument in the last exponential is positive if the reaction proceeds in the anodic direction (i.e., the reaction produces electrons) and negative if the reaction proceeds in the cathodic direction (consuming electrons). The parameter α is usually called a charge-transfer coefficient, the asymmetry factor, or conversely, the symmetry factor. Its value sets the fraction of overpotential barrier height to the charge-transfer reaction in the anodic and cathodic directions. For elementary reactions transferring a single electron, it is common to write α as β , the latter of which are constrained by β c = 1 − β a , where subscripts "a" and"c" indicate the anodic or cathodic reaction directions, respectively. For a reaction transferring more than one electron, α a and α c are not so simply related. 52 
Role of electrochemistry in SOFC anode models
The discussion in this section centers around approaches to representing charge-transfer chemistry in models of SOFC electrodes, particularly the anode. It is worthwhile to mention these approaches before reviewing various electrochemical oxidation mechanisms to provide a baseline for the type of data needed and the different ways of using that data.
3.3.1 Formulation for detailed kinetics. For any phase p (e.g., gas, anode surface, oxide surface), complex chemical, electrochemical, and transport interactions are linked through a reaction-diffusion equation
where k is a species in phase p of the K p that are assumed to exist. The term J k is the net molar flux vector for species k, s p,k is the production rate of k due to reactions taking place in phase p, andṡ ∼ q,k is the production rate of k due to reactions taking place in phase q. The final term is summed over all phases q in which k participates in any reactions associated with that phase. These production rates are multiplied by a length scaling factor γ q , having units of inverse length (e.g., if the above equation is applied to a gas-phase species involved in any heterogeneous surface reactions, then γ q = A s is the specific catalyst area). The units of each of the aforementioned terms depends on what phases are being considered. The concentration of species k is [X k ].
The net production rates are in general given bẏ
where q i is the rate of reaction i and ν ki is the net stoichiometric coefficient of species k in reaction i (taken to be positive for products and negative for reactants). The reaction rates are computed from mass-action kinetics, 59 with temperature-dependent rate coefficients in Arrhenius form k i = A i T n i exp(−E i /RT ). 48 To compute the net production rates, a reaction mechanism is needed. For example, the reactions of methane on nickel-based catalysts have been extensively studied in the literature, resulting in a reaction mechanism (see Table 8 ) consisting of 42 irreversible reactions among 6 gas-phase and 12 adsorbed species. 40, 41 The multistep heterogeneous chemistry describing the reforming of methane on nickel can be used to calculateṡ ∼ gas,k for each gas species k. This mechanism has been adopted in whole or in part in many SOFC models. [42] [43] [44] 48, 49, 57 The same mechanism is used to calculateṡ surf,k for each surface species. Likewise, a mechanism describing homogeneous gas-phase thermochemistry can be included to computeṡ gas,k . Important thermochemical reactions (e.g., reforming, water-gas shift, POx) are discussed in later sections of this paper.
The species molar fluxes J k are evaluated with a transport model 60 (e.g., Fick's laws of diffusion, dusty-gas formulations, 61 Stefan-Maxwell diffusion). Species transport in fuel cells has also been modeled using lattice-Boltzmann models [62] [63] [64] and Monte-Carlo-type simulations to predict species diffusivities. 19 Fuel cell models must accurately represent the major physical processes that affect transport in porous media, including molecular diffusion, Knudsen diffusion, surface diffusion, and viscous Darcy flow.
3.3.1.1 Gas transport. The most comprehensive transport model is arguably the dusty-gas model (DGM), 61 which is a multicomponent transport model derived from kinetic theory. It is applicable over a full range of Knudsen numbers, from values much larger than one (molecule-wall collisions dominate, and Knudsen diffusion is the controlling mechanism), to values much less than one (molecule-molecule collisions dominate, and bulk diffusion is controlling). 48 The DGM can be written as an implicit relationship among the molar concentrations [X k ] (mol/m 3 /s), molar fluxes J k (mol/m 2 /s), concentration gradient, and pressure gradient as
for k = 1, 2, ..., K g . Here, [X T ] = p/RT is the total molar concentration, B is the permeability of the porous electrode, µ the mixture viscosity, and D e k and D e k,Kn the effective ordinary and Knudsen diffusion coefficients, respectively (m 2 /s for both). Because Knudsen diffusion is governed by molecule-wall collisions, it is highly dependent on the porous electrode microstructure, including porosity φ , tortuosity τ, and average pore radius r p . The effective diffusivities can be evaluated as
where W k is the molecular weight of species k. The ordinary multicomponent binary diffusion coefficients D k and mixture viscosity µ are determined from kinetic theory. 59 Alternatively, software packages such as Cantera 51 can be used to easily compute these.
3.3.1.2 Surface transport. In one dimension, without loss of generality, the molar fluxes (mol/m/s) are related to the diffusion coefficients D k (m 2 /s) as
The surface concentrations [X k ] (mol/m 2 ) are related to the coverages θ k by the available site density as [X k ] = Γθ k . The number of surface adsorbates is K s . These equations can be applied to the metal and electrolyte surfaces, but the allowable surface species, diffusion coefficients, and reaction mechanisms are different for each surface. As it relates to the multistep mechanism in Table 3 , the flux, diffusion coefficient, and net production rate of each adsorbate on nickel can be calculated based on reactions 1-5; likewise for surface species on YSZ using reactions 6-9. The solution to Eq. 10 and its coupling to the appropriate relation for J k depends upon boundary conditions, and this is where the charge-transfer reactions enter. The reactiondiffusion equation is a parabolic partial differential equation requiring two boundary conditions on the species concentrations [X k ]. Typically, depending on model geometry, one of these can be a zero-flux condition at a symmetry plane so that ∂ [X k ]/∂ x = 0 at the x-location of the symmetry plane (e.g., patterned anode geometries). For porous electrodes, the concentration itself is specified at the channel/electrode interface. The other boundary condition applies at the TPB and relates the flux to the production (or consumption) of species due to charge-transfer reactions at the TPB. For the metal (Ni) surface,
The termċ k is the net production rate of species k due to charge-transfer chemistry at the TPB. It is nonzero only for surface species that participate directly in the charge-transfer reactions. Just as the species production ratesṡ k due to nonfaradaic chemistry act as sources or sinks for a given phase, the production rates from charge-transfer chemistry act as sources or sinks at the TPB. As with the metal surface, the adsorbates on the electrolyte (YSZ) are subject to an equal and opposite condition
In Eqs. 15 and 16, K s,Ni and K s,YSZ refer to the number of species on the nickel and YSZ surfaces, respectively. Because the TPB is defined as the three-phase boundary between gas, metal, and oxide phases, a similar equation can be written for gas species involved in charge-transfer chemistry.
Unlike the surface production rates, the rates of reaction and production rates of species from electrochemical reactions are dependent on the electric-potential difference across the double layer at the TPB interface. Species production rates at the TPB are calculated froṁ
where ν ki are the stoichiometric coefficients for species k in reaction i and q i is the rate of reaction i. Of primary interest is the production rate of electronsċ e = ∑ i ν ei q i , where ν ei is positive for reactions written in the anodic direction, and negative for those written in the cathodic direction. For a generic elementary charge-transfer reaction written in the anodic direction (i.e., producing electrons)
where k z k is a generic representation for a species k (A, B, C, or D) having charge z k (positive, neutral, or negative). Along with element balance, it is necessary that the reaction be charge balanced, which requires
The net rate of progress is the difference between the anodic and cathodic rates q = q a − q c (19) As with all reaction rates, these are a function of temperature, but they also depend on the electric-potential difference E a = Φ a − Φ e,a across the double layer. Admittedly, there can be much confusion surrounding the various defined potential differences within each anode and across the cell itself. Here we use E a to represent the potential difference across the anode/electrolyte interface. Similarly, the potential difference across the cathode/electrolyte interface is E c . The electric potential difference between the anode and electrolyte E a is written in terms of the anode potential Φ a and the potential within the electrolyte Φ e,a just outside the doublelayer region at the anode/electrolyte interface. As introduced in the previous subsection, the activation overpotential at the anode η act,a = E a − E eq a is defined to be the difference between E a and E eq a , the latter of which is the equilibrium potential difference across the double layer. The ohmic overpotential η ohm = Φ e,a − Φ e,c (defined in Eq. A-10), is the potential difference across the electrolyte, and
The anodic and cathodic rates of reaction can be written as
and
The temperature-dependent rate constants k a and k c can typically be written in Arrhenius form, and the application of this approach requires these values for all reactions, akin to combustion. The species activities are a k . The anodic and cathodic symmetry factors β a and β c determine the relative contributions of the anodic and cathodic currents to the net current. These factors are sometimes called the charge-transfer coefficients, and for elementary reactions, take on values 0 < β < 1, and are constrained by β a + β c = 1. In global reactions, symmetry factors are generally called α not β , and there are no specific constraints on the values of α. 43 The rates of all charge-transfer reactions are evaluated to produce the faradaic current at the TPB
The faradaic current is related to the measurable current density through a parameter that characterizes the total TPB length of the electrode. For a complete description of a computational model that couples elementary chemistry, electrochemistry, and surface transport in the vicinity of the TPB, the reader is referred to Goodwin et al. 42, 43 or Bessler and co-workers. 45, 46 Computing the production rates from faradaic and nonfaradaic reactions requires the kinetic parameters for every reaction. In almost all cases, the charge-transfer kinetics are not known, and are instead used as fitting parameters to match model predictions with actual measured cell performance. For models in which the anode potential E a , species activities a k , and current density i TPB are all computed self-consistently, the Butler-Volmer form (discussed next) for representing charge transfer offers no substantial advantages compared to the elementary mass-action form. More importantly, representing reactions in mass-action form does not suffer from restrictions that are inherent in the Butler-Volmer form. Only if the charge transfer is indeed rate limiting, such that the activities are established by much faster processes (e.g., adsorption/desorption), can the Butler-Volmer equation be used.
Butler-Volmer kinetics.
The assumption of a single charge-transfer reaction, either through a global representation or reduction of a detailed mechanism controlled by a rate-limiting step, facilitates the ability to relate the current density and activation overpotential through the ButlerVolmer equation, 56
This equation includes the net anodic and cathodic currents due to a single electrochemical reaction transferring n BV e elec-trons. Note that we adopt a notation in which n BV e is the number of electrons transferred in the rate-limiting step that the Butler-Volmer equation represents, while n e (used in Eq. 1, for example) is the number of electrons transferred in the anode half-cell oxidation reaction (e.g., n e = 2 for H 2 and CO). Of course, if the electrochemistry is only represented with a global charge-transfer reaction, n BV e = n e . For an electrode i (i.e., a for "anode," c for "cathode"), the activation overpotential η act,i = E i − E eq i is the potential difference above the equilibrium electric potential between the electrode and electrolyte (this is discussed in more detail later). For global reactions, the are no constraints on the values of the symmetry factors α a and α c . For elementary reactions transferring a single electron (i.e., n BV e = 1), it is common to write α as β . The anodic and cathodic symmetry factors β a and β c determine the relative contributions of the anodic and cathodic currents to the net current. These factors are sometimes called the charge-transfer coefficients, generally take on values between zero and one, and are constrained by β a + β c = 1. Because there is an activation overpotential for the anode and cathode, there is a different set of charge-transfer coefficients for the two electrodes. The exchange current density i 0 is the current density at the equilibrium potential difference E eq i . A high exchange current density means the charge-transfer reaction proceeds rapidly when the potential is varied from its equilibrium value.
At equilibrium and only at equilibrium, the two partial current densities at the electrode are equal in magnitude and opposite in direction. When η act,i is negative, there will be a net cathodic electron flow (transfer of negative charge) from the electrode to the electrolyte. Conversely, when η act,i is positive, there will be a net anodic electron flow from the electrolyte to the electrode. In general, the anodic and cathodic current contributions are i a = i 0 exp α a n BV e Fη eq act,i
RT ,
Applying the Butler-Volmer equation for an electrochemical reaction represents a semi-empirical approach, in which parameters such as the exchange current density i 0 must be measured from experiments. The exchange current density i 0 is a measure of the electrocatalytic activity of the electrode/electrolyte interface for a given electrochemical reaction. It depends on charge-transfer kinetics (which are generally unknown and not well understood), the concentrations of reactants and products at the TPB, temperature, pressure, and microstructure of the electrode (also unknown, though recent efforts 19, 44, [65] [66] [67] [68] [69] [70] have shed some light on this). Determining the dependence of the exchange current density on reactant and product concentrations from a detailed electrochemical reaction mechanism will reveal the apparent reaction order, which might not always be evident based on a global oxidation reaction. 48, 49 The Butler-Volmer equation is the central equation of phenomenological electrode kinetics, valid under conditions where there is a plentiful supply of reactant by easy transport to and from the electrodes in the electrolyte. 71 This ensures the rate of reaction is indeed controlled by the electric charge transfer at the TPB, and not by transport of ions to the electrode or away from it. One interesting limiting case of the Butler-Volmer equation is discussed below, specifically in the context of an elementary charge-transfer reaction (i.e., a reaction involving only one exchanged electron).
3.3.2.1
The high overpotential case. When η act,i RT /β F (here, β is used as a generic representation of β a or β c ), † one of the exponential terms in the Butler-Volmer equation will be negligible:
The anodic and cathodic branches of the current density are easily manipulated to produce
These two relationships represent Tafel-type equations 56, 71 (i.e., an equation such that η act,i ∝ ln i, which produces straight lines on a semi-logarithmic plot). This sort of plot is useful for determining the anodic and cathodic charge-transfer coefficients β a and β c from the slope of the line. That is, it is relatively simple to set up an experiment to vary the activation overpotential and measure the current with all other conditions held fixed. Since the other constants in the lead term are known, the charge-transfer coefficients can be found for both positive bias (anodic branch) and negative bias (cathodic branch) overpotentials. Absent this information, it is quite common and reasonable to take β a = β c = 1/2 for elementary charge-transfer reactions, 56, 71 which corresponds to a symmetrical energy barrier at the charge-transfer interface. The remaining unknown † Assuming a typical value of β = 1/2, RT /β F = 0.15 V at 600 • C, and 0.22 V at 1000 • C. SOFCs are normally operated in the range 600-1000 • C. in many of these equations is the exchange current density i 0 . This parameter represents a kinetic equilibrium of the exchange of charge across the TPB. It is a significant and useful arbiter of the dynamic nature of the electrode reaction that determines the rate of electrode reactions for any potential difference E i across the electrode. 71 
Electrochemistry in SOFC anodes
The reaction mechanism describing chemistry and electrochemistry within a SOFC anode is extremely complex. The elementary reaction steps may include homogeneous gas-phase chemistry, heterogeneous surface reactions of ad/desorbing species, homogeneous surface dissociation and reactions between adsorbed species, and heterogeneous charge-transfer reactions. To complicate things further, reaction kinetics are governed by a host of phenomena spanning many length scales (e.g., continuum mass transport, heat transfer, percolation theory, molecular and Knudsen diffusion, surface diffusion, catalysis, thermodynamics). Understanding of the reaction mechanism and chemical and electrochemical kinetics are paramount to optimize the anode and operating conditions.
The primary focus for studying the anode reaction mechanism is to identify the rate-limiting step (or steps, which likely depend on temperature, current density, and/or other variables). The rate-limiting or rate-determining step (RDS) controls the rate at which all other elementary steps can proceedjust as its name implies-and therefore, the ability of the cell to produce current. Its identification is necessary for electrode performance improvement by minimizing its limiting effects. Knowledge of the RDS informs electrode design and optimization (e.g., by using different materials, changing the operating conditions, or altering the microstructure). To pinpoint the RDS, detailed knowledge of chemical and electrochemical reaction rates is required, as well as an understanding of the surface species and their conversion paths, and the combinations of elementary reaction parameters. In addition, the rate-limiting step depends on the materials and operating conditions, such as temperature, fuel composition, polarization voltage, and more. Because of the complexity and interrelation of so many variables, various rate-limiting steps have been proposed in the literature under different operating conditions, 72, 73 including reactivities and charge transfer, [74] [75] [76] surface diffusion, 75, 77 adsorption, 75 sintering and/or impurities, rates of hydrogen desorption, catalytic effects of water, the role of the YSZ support, and others.
In this section, recent studies on SOFC anode reaction mechanisms are summarized, with primary focus on the elementary electrochemical oxidation reaction mechanisms of H 2 , CO, CH 4 , and solid carbon; these constitute the main species in practical fuels such as hydrocarbons, coal syngas, and biogas. Furthermore, particular attention is given to carbon deposition and issues related to sulfur poisoning.
H 2 electrochemical oxidation
As discussed in the foregoing section, the Ni-YSZ cermet anode is the most widely studied anode for SOFC applications. This cermet structure effectively increases adhesion between anode and electrolyte, and achieves large electrochemical active area by extending the three-phase boundaries (TPBs) from the anode/electrolyte interface, up into the porous anode. Due to the complex microstructure of typical Ni-YSZ cermet anodes, the three phases (i.e., metal, oxide, and pore/gas) are composed of various interconnected networks. 19, 68, 70 These networks form a highly convoluted structure marked by TPB regions that cannot easily be probed by experiment. Since the TPB is where current-producing reactions occur, exposing this area to study is necessary to make clear the reaction path in the anode. Therefore, researchers carry out studies on anode reaction mechanisms using electrodes that are designed to have geometrically simple TPBs, e.g., so-called point or pattern anodes. [77] [78] [79] However, a point or pattern electrode in a flowing system may not necessarily be affected by the same phenomena as a porous cermet, because the inherent and deliberate open design of the MEA and TPB facilitates gas transportgas-phase reactants are always readily available, and products are whisked away from reactive sites (i.e., species residence times near the TPB are greatly reduced compared to a true porous cermet). For example, a point or pattern anode would not be expected to exhibit significant readsorption of the water vapor created by reaction because that water vapor is removed by the gas stream (whereas in a porous cermet, the water vapor must diffuse through the pores). 73 There are three different main reaction mechanisms that have been proposed: (i) hydrogen spillover, (ii) oxygen spillover, and (iii) interstitial hydrogen charge transfer (see Ref. 80 for additional discussion and references on each of these). The term spillover is used to describe the process by which a molecule adsorbs or reacts on one of the phases (Ni or YSZ) before diffusing over onto the second phase, where it is free to react with other adsorbed species on that phase. 
5. Formation of water by reactions on the YSZ surface
This mechanism was proposed after interpretation of measured electrochemical impedance spectra (EIS) for oxidation of H 2 on a Ni-YSZ cermet electrode. The EIS data show two separate circles dependent on H 2 partial pressure p H 2 , as well as the ratio of p H 2 /p H 2 O . It was suggested that the highfrequency semicircle (low p H 2 values, 0.05-0.3 atm) is related to proton transfer across the TPB (step 4), and is limited by the TPB length-here, the reaction rate has a first-order dependence on H 2 partial pressure (i.e., the rate scales with p H 2 ).
The second semicircle at lower frequencies (high p H 2 values, 0.5-0.97 atm) is attributed to a reaction resistance caused by the formation of water (step 5), which is assumed to occur on the YSZ surface. The adsorption/desorption of hydrogen on the Ni surface (step 1) could also be rate-determining in this limit. In the range of high H 2 partial pressures, a reaction order of two was found (i.e., the rate scales with p 2 H 2 ), which is not consistent with the suggested mechanism.
De Boer 76 later proposed a slightly different reaction process to enable discussion of his own data from experiments on porous nickel electrodes on YSZ. The inclusion of step 3, involving interstitial protons as a mediator in the reaction scheme, was first proposed by Mogensen and co-workers. 76, 82 De Boer notes, however, that there is no direct evidence from experiment for the involvement of interstitial protons in the reaction kinetics. De Boer's mechanism still involves the hydroxyl intermediate on the YSZ surface, but without the existence of chemisorbed protons on the nickel surface (only neutral hydrogen atoms): 76 1. Adsorption/desorption on the Ni surface
2. Charge-transfer bulk reaction at the TPB region
3. Transfer of hydroxyl ions between surface and bulk YSZ
Charge-transfer surface reaction at the TPB region
5. Adsorption/desorption on the YSZ surface
An important distinction between De Boer's mechanism and that of Mogensen et al. 81, 82 is that surface-adsorbed hydrogen on the anode reacts first with an oxygen ion (in the electrolyte sublattice) to produce a protonated ion (step 2) at the TPB, then the protonated ion moves from the oxygen sublattice to the electrolyte surface (step 3) where it reacts with a second hydrogen atom (step 4). In the mechanism postulated by Mogensen et al., the hydrogen atoms (albeit, protons) only react with oxygen ions and the resulting hydroxyl ions then react with each other. Many researchers have cited De Boer's mechanism. Goodwin et al. 42, 43 developed a complete kinetic and thermodynamic database for H 2 electrochemical oxidation on nickel according to De Boer's mechanism. Zhu et al. 48 detailed a computational framework for modeling chemically reacting flow in anode-supported SOFCs using a modified version of the De Boer reactions (all charge-transfer reactions involve surface species only, and oxygen ions are transferred between the surface and bulk YSZ instead of hydroxyl ions). The novel approach by Zhu et al. assumed that the rate-limiting oxidation step is H(Ni) reacting with OH − (YSZ) at the TPB, forming adsorbed H 2 O(YSZ) as described by step 4 in De Boer's scheme. The other reactions are assumed to be equilibrated. Under this assumption, the Butler-Volmer form of the relationship between current density and activation overpotential can be formulated as 48
where η act,a = E a − E eq a is the anode activation overpotential and the exchange current density is given as
The anodic and cathodic symmetry factors are constrained by β 4,a + β 4,c = 1, and each is taken to be 1/2, typical for an elementary reaction. 56 The exchange current density reveals the apparent reaction order of the charge-transfer process, and it is evident that the exchange current density has a positive dependence on p H 2 O (i.e., it is enhanced by the presence of water). Other than gas-phase partial pressures, the exchange current density depends on the parameter i * H 2 , which itself is comprised of constants that are generally not known (e.g., reaction-rate constants, reaction equilibrium constants, specific TPB length), so it is used as an empirical parameter that can be adjusted to fit measured fuel-cell performance. The parameter p * H 2 is determined from the balance between adsorption and desorption of hydrogen on the Ni surface. It is related to the equilibrium constant of reaction 1, p * H 2 = 1/K 1 , and more information about its calculation can be found in Ref. 48 .
Lee et al. 49 further analyzed the possibility that a different intermediate step in the hydrogen electrochemical oxidation model is rate limiting at high current densities, and proposed a rate-limiting switchover model to explain the limiting current density. The model improves the prediction of the limiting current density and provides better agreement with experimental results. The reaction steps used by Lee et al. 49 and Zhu et al. 48 are detailed below:
1. Adsorption/desorption on the Ni surface
2. Charge-transfer reactions at the TPB region
3. Adsorption/desorption on the YSZ surface
Transfer of oxygen ions between surface and bulk YSZ
As with the mechanisms before it, this scheme assumes OH − (YSZ) is the reaction intermediate in the two-electron charge-transfer process. The distinguishing feature of this mechanism compared to that of De Boer is that the first charge-transfer reaction is assumed to be a surface process (not interstitial), so that only oxygen ions move between the surface and bulk of the electrolyte (step 4). Fig. 4 compares results from the rate-limiting switchover model of Lee et al. 49 to experimental data from Jiang and Virkar. 33 The model is formulated around a ButlerVolmer description of hydrogen charge transfer, in which the rate-limiting reaction changes from H(Ni) reacting with OH − (YSZ) at the TPB (i.e., the second charge-transfer reaction in the scheme above), to adsorption/desorption of H 2 on the Ni surface at current densities close to the limiting value. The model incorporates porous media transport in the electrodes, heterogeneous surface chemistry in the anode, and charge transfer at the TPB. Simulation results compare very favorably with measured performance over a wide range of compositions, with the exception of very high concentrations of H 2 .
In an effort to better explain observed catalytic effects of water in the anode, Jiang and Badwal 75, 83 introduced yet another mechanism for H spillover to YSZ-note that all previous mechanisms also involve hydrogen spillover to the electrolyte, as opposed to oxygen spillover to the anode-that accounts for competitive adsorption of oxygen on the anode from water dissociation. In the absence of water, however, the mechanism greatly differs from those above in that the hydrogen atom is allowed to sit on the YSZ surface after spilling over the TPB (step 3), where it reacts with an oxygen in the sublattice to form water in a two-electron process (step 4).
1. Hydrogen dissociative adsorption on the Ni surface a. In dry hydrogen:
b. In wet hydrogen: 
In the notation above, (Ni-O) is an active metal site adjacent to an O(Ni) or sub-NiO. Jiang and Badwal discounted the existence of adsorbed H 2 O, hydroxide, or hydroxyl species on nickel because these have not been detected at elevated temperatures. 83 This follows the precedent of the previous mechanisms in which these species only exist on the electrolyte surface. Moreover, the authors comment that hydrogen dissociative adsorption (step 1a) is very fast at SOFC operating temperatures, but coverage of H(Ni) is low, indicating that surface diffusion on the metal surface (step 2a) is rate limiting in dry hydrogen. 83 In a real cermet electrode under operation with dry hydrogen, however, the oxidation process will produce H 2 O, whose presence will impact the overall process. Although the site density on the nickel surface for hydrogen dissociation is reduced in wet hydrogen due to competitive adsorption of oxygen from water dissociation (the first reaction under step 1b), the overall reaction rate is increased due to the much faster surface diffusion via a spillover mechanism (step 3) that further frees up metal sites for dissociative adsorption of hydrogen. 83 The transfer of hydrogen species from Ni to YSZ (step 3) and the charge transfer on YSZ (step 4) limit the overall reaction rate in wet hydrogen. 75 In addition to the work of Jiang and Badwal, Bieberle et al. 84 used nickel-patterned-anode experiments and measured EIS to postulate on the reaction mechanism and catalytic effects of water for Ni-YSZ cermets. That group also suggests a H-to-YSZ spillover mechanism, illustrated pictorially in Fig. 5 . In a dry fuel gas atmosphere, the YSZ surface is assumed to be primarily covered with oxygen, and the electrochemically active sites are restricted to the vicinity of the TPB. In contrast to this, the YSZ surface is hydroxylated in a wet fuel gas atmosphere. In Fig. 5a , H 2 dissociatively adsorbs onto the Ni surface, and O 2− diffuses to the YSZ surface. The adsorbed hydrogen atoms are oxidized to protons H + on the Ni surface and the O 2− is removed from the electrolyte bulk, which causes an adjacent hydroxyl group on the YSZ to be deprotonated (Fig. 5b) . A cascading of protonation and deprotonation of the adsorbed YSZ hydroxyl groups follows (Fig. 5c) , eventually causing one of the protons on the Ni surface to jump to a nearby adsorbed hydroxyl ion on YSZ. This cascading effect represents a proton migration from the Ni surface to the location where an O 2− was transferred from the YSZ bulk to the YSZ surface. A second H + then migrates to this location and reacts with OH − on YSZ. Water is formed and desorbs from the YSZ surface. A summary of the stepwise mechanism described above is shown in the center of Fig. 5 . This scheme is similar to a combination of that from Mogensen et al. (protonation as a separate step) and the modified De Boer mechanism used by Zhu et al. and Lee et al., in which OH − (YSZ) is first formed on the electrolyte surface by reaction of surface oxygen ions and a proton, then H 2 O by reaction with another proton (instead of two hydroxides reacting on the surface). Bieberle has also investigated the catalytic effects of water in a modeling context using an oxygen-spillover mechanism that is discussed in the next section.
In general, the spillover of hydrogen from the Ni to the YSZ surface is characterized by adsorption of molecular hydrogen on the Ni surface, and desorption of water from the YSZ surface. While there is, to the best of our knowledge, no direct experimental evidence of hydrogen spillover, the feasibility of this mechanism is supported by the fast surface transport of both, adsorbed hydrogen on the Ni surface (see Ref. 33 in Bessler et al. 80 ) and protons on the YSZ surface (see Ref. 34 in Bessler et al. 80 ).
Oxygen spillover.
Oxygen spillover suggests that oxygen ions are transported by surface spillover from the electrolyte (i.e., YSZ) to the nickel at (or very near) the TPB, where they react with adsorbed hydrogen to generate water and electrons. Unlike hydrogen spillover, the adsorption of molecular hydrogen and desorption of water both take place on the Ni surface. Mizusaki et al., 77 who introduced the concept of pattern electrodes to design the morphology and length of the TPB to study reaction kinetics, first published the oxygen-spillover mechanism. They studied hydrogen electrochemical oxidation on nickel-pattern electrodes with different pattern widths and separations. The authors argue that the observed linear relation between the electrode interface conductivity-σ E = 1/(AR E ), where A is the electrode area, and R E is the resistance due to the electrode reaction obtained from the intercept of the electrode impedance arc with the real axis of the complex impedance plane (σ E is proportional to the exchange current, which represents the magnitude of the reaction rate and reaction order)-and TPB length suggests that the rate-determining reaction process takes place around the TPB. From their measured EIS and the dependence of σ E as a function of hydrogen and water gas-phase partial pressures (p H 2 and p H 2 O ), it was concluded that the reaction site for the rate-determining step was the Ni surface close to the TPB.
Bieberle and Gauckler 78,79 compared experimental EIS to simulation results of nickel-patterned anodes exposed to gaseous H 2 -H 2 O mixtures. In their model, an oxygenspillover mechanism was assumed and the unknown reaction kinetics were tuned to provide a best fit between model results and measured data. The electrochemical model is illustrated in Fig. 6 , and the numbers in the figure correspond to the re- action steps below. 79 Adsorption/desorption on the Ni surface:
Surface reactions on the Ni surface:
Interface reaction (spillover from bulk YSZ to Ni surface):
The model and simulations carried out by Bieberle and Gauckler were, at the time, unique in detailing the kinetics of an electrochemical model for SOFC anodes. While the validity of the modeling framework was clearly demonstrated, the number of unknowns and a priori assumptions limit its applicability for unambiguous interpretation of the kinetics. Differences between experiment and simulation are attributed to shortcomings of the model and the oxygen-spillover mechanism. In particular: (i) the YSZ surface was not considered to be electrochemically active; (ii) reaction-rate constants are assumed to be independent of surface coverages; and (iii) surface diffusion is assumed to be fast and gas-phase diffusion is not included. The authors admit that even in their detailed study, it
is risky to conclude that a specific reaction mechanism dominates. 79 Because the oxygen spillover process does not involve the fuel species to be oxidized, it can be at the origin of electrochemical oxidation of any fuel.
4.1.3
Interstitial hydrogen charge transfer. At the high operating temperatures of SOFCs (600-1000 • C), interstitial hydrogen atoms in bulk Ni and interstitial protons in bulk YSZ are known to be present in relatively high concentrations (around 0.1 mol%), with high enough diffusivities to support the anode half-cell hydrogen oxidation. 80 Charge-transfer at the Ni/YSZ interface (a two-dimensional interface, as opposed to the one-dimensional TPB) can then proceed according to H
where Kröger-Vink notation has been used (this reaction appears as reaction 5 in Table 2 ).
Holtappels et al. 74 suggest the possible role of interstitial hydrogen and hydroxyl formation at Ni/YSZ interfaces. This is illustrated graphically in Fig. 7(d) . Interstitial hydrogen and protons are formed via adsorption and surface/bulk exchange from hydrogen on Ni and water on YSZ, respectively. 80 Because the solubility and diffusivity of H in a metal lattice is relatively high, the Ni/YSZ interface can affect the anodic reaction. The elementary reaction steps include: (1) diffusion of gas-phase reactants to the solid surfaces (i.e., H 2 to Ni and H 2 O to YSZ); (2) dissociative adsorption of gas-phase reactants at the solid surfaces (e.g., forming H ad , O ad , OH ad ); (3) surface diffusion of adsorbed species or bulk diffusion of H within the anode metal to reaction sites; and (4) charge transfer at the TPB region or across the Ni/YSZ interface to eventually form H 2 O, which desorbs from the YSZ surface.
Improved and combined mechanisms.
Bessler et al. 80 address the general misunderstanding in most SOFC reaction-kinetic studies (including those discussed above) that electrochemical reaction rates depend only on reactant concentrations. To be thermodynamically sound, reaction rates and electrochemical equilibrium depend on reactant and product concentrations, because it is a dynamic equilibrium between forward and backward reactions. The authors develop a thermodynamic model of the TPB that describes the coupling of electroactive intermediates with global gas-phase species. The model is used to study the behavior of the reaction pathways discussed above, and results are compared to published experimental data. The five charge-transfer reactions (and associated references mentioned here in which they appear) are summarized in Table 2 . 80 The well-established activating effects of water on the anode kinetics can be explained by Nernst-potential (equilibrium-potential) effects alone, argue Bessler et al., without the need to assume any additional kinetic or catalytic effect. The results indicate that all charge-transfer reactions have a strong and highly nonlinear kinetic depen- dence on gas-phase hydrogen and water partial pressures due to equilibrium-potential effects, and this behavior is distinctly different for the various mechanisms. All mechanisms given in Table 2 show an increase in exchange current density with increasing p H 2 O . However, with increasing p H 2 , the O and OH spillover reactions show decreasing kinetics, while the H spillover and H interstitial reaction kinetics are increasing. This finding supports a conclusion that the dominating reaction mechanism and kinetics of charge-transfer may change with operating conditions. In addition, although the model is unable to consistently interpret all published experimental results simultaneously, they agree mostly that the rate-limiting step in pattern anodes is charge-transfer, and the observations are most consistent with a surface hydrogen spillover reaction ( 
These reactions appear as O1, O2, and O4, respectively, in The results are reproduced in Fig. 8 (adapted from Ref. 85) , where lines in the figure are labeled with the apparent Tafel slope β F/RT (e.g., see Eq. 26). The transfer coefficient of the experimental data is close to unity, which is in good agreement with predictions from model A, whereas simulations B and C predict too high or too low apparent Tafel slopes.
4.1.5
The role of surface diffusion. Vogler et al. 85 also suggest that surface diffusion is a key process (at least for patterned anodes) contributing to the electrochemical behavior at the TPB. The electrochemically active surface area is confined to a narrow region (less than 100 nm) from the TPB, because of the interaction of fast surface reactions with slow surface diffusion. In fact, from all of the possible reaction pathways, the competitive adsorption of gas species on the electrode or electrolyte surface, as well as the following surface diffusion processes, are candidates for rate-limiting steps. Ihara et al. 87 investigated the detailed dependence of DC-polarization and interfacial conductivity of Ni-YSZ cermet anodes on the partial pressure of hydrogen. They developed a Langmuir reaction model, which links the chemical reactions on the anode with the electrical characteristics of the anode, such as the DC-polarization and the interfacial conductivity. In their 88 proposed a model with surface diffusion to explain the limiting current density. They used an analogous circuit model to determine the dominant reaction pathway depending on operating conditions, especially when the SOFC is working at high current density or high fuel utilization. The dominant reaction pathways considered in the model include competitive adsorption of reactants in areas adjacent to the reactive TPB sites, and slow surface diffusion to the reactive sites. It was suggested that SOFC anode design improvements should focus on optimization of the reactive area, adsorption, and surface diffusion at the anode/electrolyte interface.
4.1.6 Detailed mechanism with kinetic data. Efforts [42] [43] [44] [45] [46] to develop detailed charge-transfer kinetics in terms of elementary reaction steps in a manner that parallels treatment of thermal heterogeneous chemistry 40, 41 are very new. These mechanisms are generally based on pattern-anode experiments 77, 84, 85, 89, 90 that expose the TPB and remove any transport limitations of fuel delivery or product removal from reactive sites. It would also allow competing charge-transfer pathways to play themselves out without having to make an assumption about which is dominant in accordance with realtime operating conditions (e.g., changing gas composition at the TPB) or what step is rate determining. However, there
is not yet a clear understanding of the electrode kinetics, and more often than not, the number of unknowns cannot be sufficiently determined from available data. Nonetheless, the process provides significant quantitative insight about the fundamental chemical and transport processes responsible for charge transfer. 43 Let us take, for example, a recent detailed description of the reaction mechanism for hydrogen charge transfer. 43 Table 3 outlines a set of heterogeneous surface reactions and several different charge-transfer pathways for H 2 -H 2 O in a Ni-YSZ anode. Reactions 1-5 describing the interactions of hydrogen, oxygen, and steam on nickel are adopted from Deutschmann and co-workers, 40, 41 and are a subset of a larger mechanism describing methane reforming on nickel (see Table 8 ). In these reactions, (Ni) represents an empty site on the nickel surface, H(Ni) is an adsorbed H atom, and so on. Similarly, reactions 6-9 detail the interactions of species on the YSZ surface, for which there are two types of surface sites (χ) and (Zr), as well as bulk species O 2− O and V O representing a bulk oxygen ion and vacancy, respectively. ‡ Of the two surface site types, (Zr) is a surface-level zirconium cation site and (χ) is defined to be the position that a surface oxygen would occupy if it were present. For all reactions in Table 3 , the forward rates are in Arrhenius form, and the reverse rates are calculated from the thermodynamic properties in Table 4 . This maintains strict thermodynamic consistency. Additional details about the reactions and their rates can be found in Goodwin et al. 43 In addition to the surface reactions, Table 3 also lists four different charge-transfer pathways for hydrogen electrochemical oxidation. Each of these pathways is considered separately with the surface mechanisms in a model that can be used to predict polarization characteristics and Tafel plots. The predicted Tafel plots are then compared directly with patternedanode experiments from Mizusaki et al. 77 and the resulting reaction-rate parameters are those that give the best fit to the experimental data for each potential mechanism.
The results of a computational model that represents the coupled behavior of elementary surface chemistry, electrochemistry, and transport in the vicinity of the TPB are illustrated in Figure 9 , reproduced from Goodwin et al. 43 . The ‡ The notation used in this instance is chosen to match the reference from where it was obtained (Ref. . Instead, the lattice oxygen ion is given a double negative charge and the vacancy is neutral. In either case, the relative difference between the ion and the vacancy are identical. 
Ni surface-site density is 1.7 × 10 −9 mol/cm 2 . The total site density on the oxide surface is 2.5 × 10 −9 mol/cm 2 , with 1.25 × 10 −9 mol/cm 2 available each to (Zr) and (χ) sites. Arrhenius parameters for the rate constants written in the form: k = AT n exp(−E/RT ). The units of A are given in terms of moles, centimeters, and seconds. E is in kJ/mol. Because experimental data were available only at a single temperature of 700 • C (973 K), it was not possible to further separate the rate constants into an activation energy and pre-exponential factor. The number listed in the far right column is the anodic symmetry factor β a .
e The physical basis for such a possibility is that reactions with the same reactants and products may occur on different types of surface sites (e.g., steps or ledges), resulting in different rates.
Goodwin model (which is based on integration of Eq. 10) is applied to assist the development and evaluation of H 2 chargetransfer reaction mechanisms for Ni-YSZ anodes. Previously published patterned-anode experiments from Mizusaki et al. 77 are used to evaluate the different electrochemical chargetransfer mechanisms appearing in Table 3 . For each of these pathways, the best-fit kinetic parameters were determined that provided a closest match to the experimental results. Of the reaction schemes, the results show that a hydrogen-spillover mechanism can explain the Mizusaki polarization measurements over a wide range of gas compositions with anodic and cathodic biases. 43 Although much effort has been focused on the mechanisms and elementary kinetic models for H 2 oxidation in the SOFC anode, it is evident from the above discussion that there is no general consensus among researchers. In summary, the primary differences include: (i) the location where thermochemical and electrochemical reactions take place, i.e., catalyst or electrolyte; and (ii) the limiting reaction steps under different operating conditions (e.g., adsorption and desorption of hydrogen and water, charge-transfer reactions, surface diffusion processes). To clarify these issues, more detailed experimental data and refinement of elementary kinetic and transport parameters are required to improve quantitative model predictions over a wide range of conditions. 
CO electrochemical oxidation
CO and H 2 are the main species in fuel derived from steam reforming (both external and internal), coal gasification, or biogas. Research on the subject of CO electrochemical oxidation is much less expansive than H 2 electrochemical oxidation. Because of the promising and prominent role of CO as a fuel for SOFCs, knowledge and understanding of the CO reaction mechanism is of significant importance. Some study of CO electrochemistry using nickel-pattern anodes, nickel-point anodes, and Ni-YSZ porous anodes can be found in the literature. It is generally agreed that the electrochemical reaction rate of CO is lower than that of H 2 . 33, [91] [92] [93] When pure CO is supplied to a porous Ni-YSZ anode, Jiang and Virkar 33 report that the maximum power density reaches only about 40% of that obtained using pure H 2 . Similarly, according to experimental results using a nickel-patterned anode on YSZ by Sukeshini et al., 90 the maximum power density using CO is about 50% of that obtained from using H 2 only. While the lower power density from patterned-anode experiments is likely the result of charge-transfer kinetics alone, the reduced power output from the porous anode is a combination of slow CO electrochemical kinetics and increased resistance to transport of CO to reaction sites because the relatively heavy CO molecules are characterized by a lower diffusivity than their lighter H 2 counterparts. Therefore, in real systems (i.e., those using porous electrodes), not only will CO be slower to reach the TPB, but it will also be slower to react there.
Matsuzaki and Yasuda 91 studied the electrochemical oxidation rate of H 2 and CO with a porous Ni-YSZ cermet electrode and YSZ electrolyte under constant oxygen partial pressure. They found that the polarization resistance increased when the CO concentration ratio p CO /(p H 2 + p CO ) exceeded 0.2 at 750 • C and 0.5 at 1000 • C. The electrochemical oxidation rate of H 2 was 1.9-2.3 times higher than that of CO at 750 • C, and 2.3-3.1 times higher at 1000 • C. Even though the CO electro-oxidation rate is slower than H 2 , Matsuzaki and Yasuda's results indicate that it has the same order of magnitude, differing only by a factor of two or three. That being the case, understanding the mechanism for electrochemical conversion of CO is absolutely necessary for systems using CO-dominant fuels, and may play a non-negligible role as a parallel chargetransfer pathway to H 2 electro-oxidation.
CO electrochemical oxidation mechanisms.
A wide range of experimental conditions and electrode materials has resulted in several proposed reaction mechanisms and various rate-determining steps for CO electrochemical oxidation. Perhaps the first CO electro-oxidation mechanisms were proposed by Etsell and Flengas 94 Mechanism 1 postulates that adsorbed oxygen O(Pt/YSZ) is formed via the electrochemical charge-transfer reaction transferring oxygen from bulk YSZ to the anode or electrolyte surface. The adsorbed oxygen is subsequently used in the second reaction to oxidize gaseous CO, producing gas-phase CO 2 . In other words, CO does not participate in the chargetransfer reaction directly, and instead reacts with the intermediate O(Pt/YSZ) from the charge-transfer reaction (i.e., the first reaction in mechanism 1) involving oxygen species only. This mechanism also appears in Table 5 as mechanism 1 (note the nomenclature uses generic material names in place of spe- Fig. 9 Comparison between the H 2 charge-transfer mechanisms in Table 3 and the Mizusaki 77 measurements in the form of Tafel plots. The left pair of plots show results using the oxygen-spillover model (reactions OS1 and OS2). The center pair of plots show results using the single-channel hydrogen-spillover model (reactions HS1 and HS2). This model is an improvement on the fixed-β model. The right pair of plots show results using the dual-channel hydrogen-spillover model (reactions HD1, HD2, and HD3). The physical basis for such a possibility is that reactions with the same reactants and products may occur on different types of surface sites (e.g., steps or ledges), resulting in different rates. In all cases, the upper panel is for fixed p H 2 O and varying p H 2 . The lower panel is for fixed p H 2 and varying p H 2 O . The system is isothermal at 700 • C and 1 atm. The reaction A parameters are adjusted to achieve a best fit to the data. Figures and caption adapted from Goodwin et al. 43 cific names, e.g., "a" for anode instead of "Pt"). Under conditions when the charge-transfer reaction in mechanism 1 is slow, the exchange current density has the following form 94
where k is a constant, θ CO is the surface CO coverage, and α is around 1/2. In contrast to this, gas-phase CO and CO 2 are directly involved in the electrochemical reaction of mechanism 2 (above) appearing in Etsell and Flengas. An exchange current density derived from mechanism 2 has the form 94
which supports the experimental observations of Etsell and Flengas in that it increases with increasing CO partial pressure (unlike Eq. 29). The same dependence is obtained if CO is assumed to be adsorbed on the surface (with an additional adsorption/desorption reaction added), and based on these findings, the authors note that gaseous or adsorbed CO and gaseous CO 2 must participate directly in the electrochemical steps of the electrode reaction. For a relatively invariant surface coverage θ CO , and for α ≈ 1/2, the exchange current density of Eq. 30 will peak near 50% CO in CO 2 . Aaberg et al. 97 later report that the measured exchange current density for CO-CO 2 mixtures on Ni-YSZ cermet anodes has a maximum around 45% CO in CO 2 , which is in direct agreement with this. The experimental data of Aaberg et al. correspond, to some extent, to the second mechanism of Etsell and Flen- 
Oxidation of adsorbed CO by adsorbed atomic oxygen. In a CO 2 -rich atmosphere, surface-adsorbed oxygen on the electrolyte reacts at the TPB with CO ad on the anode forming adsorbed CO 2 species, also on the anode (see Mizusaki et al. 96 )
Oxidation of adsorbed CO by lattice oxygen in the electrolyte. The lifetime of adsorbed atomic oxygen on the electrolyte is sufficiently short so that charge transfer proceeds directly between CO ad and lattice oxygen close to the TPB
Oxidation of adsorbed, diffusing CO by lattice oxygen in the electrolyte. Adsorbed CO moves to the TPB via surface diffusion, where it reacts with a lattice oxygen to produce CO 2 (g)
When appropriate, the originating reference is given in parentheses for each mechanism. Note the nomenclature uses generic material names in place of specific names (e.g., "a" for anode catalyst instead of "Pt" or "Ni"). The forward and reverse rate coefficients of this reaction are k des,CO and k ad,CO , respectively. These appear in the diffusion equation described in the footnote below. In this equation, Γ is the total number of available adsorption sites and D ad is the surface diffusion coefficient. The surface coverage of adsorbed CO is θ CO and the rate coefficients are described in the footnote above.
gas, where CO and CO 2 are directly involved in the chargetransfer step. These authors also note that the CO polarization resistance is 2-5 times higher than H 2 .
Mizusaki et al. 96 also studied CO oxidation on porous Pt-YSZ electrodes for typical SOFC operating temperatures in the range 600-1000 • C. In an effort to avoid carbon deposition and subsequent fouling of the anode, the CO-CO 2 ratio of the fuel stream was selected to be CO 2 -rich for most cases (i.e, ratios in the range 10 −4 -10 1 ). Based on their experimental observations, Mizusaki et al. suggest a reaction rate proportional to 1/2-powers of the reactant activities (i.e., gas-phase partial pressures and surface coverages), which is controlled by a simple chemical step at the TPB between adsorbed CO and CO 2 on the Pt surface and adsorbed oxygen on the electrolyte surface. In equation form,
This appears as mechanism 2 in Table 5 , and is very similar to mechanism 1 of Etsell and Flengas. The difference is that adsorbed oxygen O(YSZ) is assumed to exist only on the electrolyte surface, and that both adsorbed CO and CO 2 participate in the chemical step (second reaction) as opposed to both being gas-phase species (or even adsorbed CO and gaseous CO 2 ).
4.2.2
The role of surface diffusion. Matsuzaki and Yasuda 91 investigated the characteristics of CO electrochemical oxidation at the interface of a porous Ni-YSZ cermet elec-trode and YSZ electrolyte, and concluded that the lower electrochemical oxidation rate of CO (compared to that of H 2 ) is caused mainly by the larger diffusion resistance of CO on the electrode surface at 750 • C. At higher temperature (1000 • C), both surface diffusion and charge-transfer resistance contribute to slow oxidation rates. Lauvstad et al. 95, 98 studied the polarization curves and impedance response of a solid metal point electrode in contact with a solid, oxygen-ion conducting electrolyte (i.e., Pt or Ni on YSZ) in CO-CO 2 atmospheres. This setup minimizes any limitations caused by gas-phase mass transport so that reaction pathways and rate-determining steps can be deduced. The overall electrochemical reaction is assumed to proceed in elementary steps, such as adsorption, diffusion of adsorbed species, and charge transfer. They analyze four electrochemical oxidation mechanisms of CO with different charge-transfer steps. The four mechanisms are detailed in Table 5 . Mechanisms 1 and 2 were adopted from Etsell and Flengas, 94 and Mizusaki et al., 96 respectively, and include gas-phase species or species adsorbed on the surface of the electrode and/or electrolyte. For mechanism 2, Lauvstad et al. only consider the adsorbed species O ad and CO ad and assume gaseous CO 2 (g). This is in contrast to Mizusaki et al. who assume adsorbed CO 2 (a) on the anode surface. Charge transfer for this mechanism is assumed to proceed as in mechanism 1 with "a/el" (indicating anode or electrolyte) replaced with "el" (electrolyte only). Mechanism 3 is a limiting case of mechanism 2, where Lauvstad et al. assume the lifetime of adsorbed atomic oxygen on the electrolyte surface to be sufficiently short so that charge transfer occurs directly between CO ad (the only adsorbed species) and lattice oxygen near the TPB. This mechanism is essentially the same as mechanism 1-under the same assumption regarding the lifetime of O adwith adsorbed rather than gaseous CO. Mechanism 4 includes the same adsorption/desorption/charge-transfer reactions of mechanism 3, with the incorporation of surface diffusion of CO ad species, which may exist on the electrode and/or electrolyte surface. In all other mechanisms, surface diffusion is assumed fast so that adsorbed species coverages are uniform.
Among these four possible mechanisms, modeling results 95 and experimental measurements 98 of polarization curves and EIS indicate that mechanism 2 qualitatively mimics the experimental impedance spectra over the entire frequency range under all experimental conditions for both (Pt and Ni) electrode materials (with the exception of Ni at cathodic overpotentials). In particular, only mechanism 2 reproduces the low frequency inductive behavior, which is consistent with a reaction mechanism involving two adsorbed intermediates. The Warburg impedance (associated with mass-transfer diffusion limitations), which may result from mechanism 4 under certain conditions, was never observed, so the assumption underlying the development of mechanisms 1, 2, and 3 (i.e., that diffusion is a fast process) is justified. The fact that limiting currents are observed is thus not an indication of diffusion limitations, but is probably related to insufficient supply/removal rates of adsorption/desorption processes taking place in the vicinity of the TPB. 98 4.2.3 Detailed mechanism with kinetic data. A more recent, and perhaps the most comprehensive, analysis of CO charge transfer and reaction kinetics on Ni-YSZ anodes appears in Yurkiv et al. 46 The authors examine three possible charge-transfer pathways, but limit their analysis to oxygenspillover mechanisms only (i.e., only oxygen species are involved in charge transfer at the TPB as oxygen ions in the electrolyte give up electrons and move to the anode). The CO (or any fuel for that matter) is then oxidized by the oxygen that resides on the anode surface. A summary of the surface reactions and three charge-transfer mechanisms appearing in Yurkiv et al. are reproduced in Table 6 . The kinetic parameters used for each reaction are also given in Table 6 . Standard-state thermodynamic properties for reaction species are reproduced from the same reference and appear in Table 7 . Note that the values given are referenced to the vacancies of the associated phase.
Reactions 1-4 in Table 6 represent reactions on the Ni surface, reactions 5-7 on the YSZ surface, and the three different charge-transfer mechanisms appear as O1 + O2, O3 + O4, and O5, respectively. Each mechanism includes three possible species on the anode surface-CO(Ni), CO 2 The results of a computational model (based on Eq. 10 and the framework following it) that represents the coupled behavior of elementary surface chemistry, electrochemistry, and transport in the vicinity of the TPB are illustrated in Figure 10 , reproduced from Yurkiv et al. 46 . The model by Bessler and co-workers (see Table 6 ) is used for the evaluation of CO charge-transfer reaction mechanisms for Ni-YSZ anodes in accordance with patterned-anode data from Lauvstad et al. 98 Their results are most consistent with an oxygen-spillover mechanism at the TPB proceeding through steps O1 and O2 in Table 6 .
To our knowledge, Yurkiv et al. 46 are the first to publish a 
Ni and YSZ surface-site densities are 6.1 × 10 −9 mol/cm 2 and 1.3 × 10 −9 mol/cm 2 , respectively. Anodic and cathodic symmetry factors of the chargetransfer reactions are 1/2. Arrhenius parameters for the rate constants written in the form: k = AT n exp(−E/RT ). The units of A are given in terms of moles, centimeters, and seconds. E is in kJ/mol. Because experimental data were available only at a single temperature of 876 • C (1149 K), it was not possible to further separate the rate constants into an activation energy and pre-exponential factor. The number listed in the far right column is the anodic symmetry factor β a . two-step charge-transfer description of CO electro-oxidation. The kinetic parameters in Table 6 and thermochemical properties in Table 7 are obtained from various sources (when available) or empirically determined based on numerical simulations formulated around one of the charge-transfer mechanisms (i.e., O1 + O2, O3 + O4, or O5-each of these appears graphically in Fig. 11 ), allowing for direct comparison to experimental steady-state polarization curves and electrochemical impedance spectra from Lauvstad et al. 98 Best agreement with the experimental data is obtained through reaction pathway O1 + O2 (see Fig. 10 ), in which oxygen spillover occurs in the second step. This is in contrast to O3 + O4, where oxygen spillover at the TPB takes place in the first step, and O5, which is a two-electron net reaction without the intermediate surface species. Although mechanism O1 + O2 yields good agreement with Tafel plots, it fails to reproduce the lowfrequency inductive loop that was used as a determining factor in choosing a possible reaction pathway in Lauvstad et al.
Summary of published mechanisms.
A review of the current literature (some mentioned above, some not) pertaining to CO electro-oxidation exposes several dissimilar or contradictory observations: Fig. 10 Comparison between the CO charge-transfer mechanisms in Table 6 and the Lauvstad 98 measurements in the form of Tafel plots. The left pair of plots show results using the oxygen-spillover model described by reactions O1 and O2. The center pair of plots show results using a different oxygen-spillover model (reactions O3 and O4). The right pair of plots show results using the global oxygen-spillover reaction O5. All cases are for fixed p CO 2 and varying p CO . The system is isothermal at 876 • C and 1 atm (mixtures are balanced with Ar). The reaction A parameters are adjusted to achieve a best fit to the data. Figures reproduced from Yurkiv et al. 46 Fig . 11 Schematic illustration of the reaction mechanism and the three different charge-transfer pathways taking place at the three-phase boundary of Ni, YSZ, and gas phase. The reactions O1-O5 appear in Table 6 . Picture and caption from Ref. 46. reported to be i 0 ∝ p . However, Etsell and Flengas simultaneously varied both pressures in their experiments (as opposed to Boulenouar et al., who systematically changed only one while keeping the other constant), so the reaction orders from Etsell and Flengas cannot be precisely determined. Nonetheless, there is likely a positive dependence of the exchange current density on both p CO and p CO 2 ; 2. Aaberg et al. 97 report an apparent charge-transfer factor of α a = β a n e = 1, which gives an anodic charge-transfer coefficient of β a = 1/2 because two electrons (i.e., n e = 2) are transferred in the overall electrochemical oxidation reaction of CO to CO 2 . These values are consistent with 4. The addition of water to the fuel was found to promote the kinetics of the overall CO electrode reaction in Habibzadeh, 89 but not in Sukeshini et al. 90 (Note that these two publications originate from the same group)
In addition to the striking ambiguities on some of the more basic dependencies, the charge-transfer reaction models can be divided into two pathways given by the following net reactions:
1. Oxygen participation in charge transfer as spillover at the TPB region 46 ,98,100
2. CO (adsorbed or gas-phase) direct participation in charge transfer 89, 90, 94, 97 CO
The same course of development for charge-transfer pathways is found in the H 2 electrochemistry literature discussed in the foregoing sections. The two most frequently studied pathways in H 2 electrochemistry are a hydrogen-spillover mechanism and an oxygen-spillover mechanism. Vogler et al. 85 examine seven possible H 2 charge-transfer pathways, including hydrogen-and oxygen-spillover mechanisms, and find that only hydrogen spillover yields good agreement with the complete experimental data set from Bieberle et al. 84 on Ni-patterned anodes. Further, Goodwin et al. 42, 43 also find support for the hydrogen-spillover mechanism based on comparison between modeling results and experimental data from Mizusaki et al., 77 because it is the only pathway that provides good quantitative representation of measured polarization behavior over a wide range of gas-phase compositions with both anode and cathode biases. It is generally accepted then that hydrogen spillover is the more probable pathway in the H 2 electro-oxidation mechanism.
Clearly, the same understanding of CO electrochemistry does not yet exist, but because of its arguably equal (and sometimes greater, depending on the system) importance, research is actively being pursued in a manner analogous to H 2 . To further the point, a general consensus concerning the mechanism of electrochemical oxidation of CO, or the role of the electrode versus that of the electrolyte in the reactions has not yet even been reached.
Unstable reaction rates.
Due to carbon deposition on the anode surface and a possible partial delamination of the anode surface, unstable performance has been observed in SOFCs when operating with pure CO and a Ni-YSZ anode at 950 • C. Holtappels et al. 101 studied the electrochemistry of CO-CO 2 oxidation on Ni-YSZ cermets as a function of CO and CO 2 partial pressures at 1000 • C. Time-dependent reaction rates were observed for the CO oxidation reaction for oxygen activities corresponding to open circuit potentials in the range 0.75 to 1.01 V. The electrode changed between a passive state and several active states for the CO-CO 2 reaction. Periodic changes of the reaction rate for CO oxidation were observed every 30 and 80 s. The unstable reaction rates of the electrochemical oxidation of CO have been described by a "modified reconstruction model" as shown in Fig. 12 . 101 The impedance spectra recorded at the rest potential and the overpotential dependence of the CO oxidation rate indicated a change in the number of active sites in the reaction zone. In the active state, the CO oxidation reaction was more than one order of magnitude slower than the hydrogen oxidation reaction in Ni-YSZ cermet electrodes. Holtappels et al. point out that the direct observations of structural and chemical changes on Ni-catalyst surfaces after carbon deposition (discussed in Ref. 102 ) can be taken as indirect support of the described modified reconstruction model. 
Syngas electrochemical oxidation
When CO and H 2 are both present in the fuel stream the mechanism becomes even more complicated because of parallel charge transfer, water-gas shifting, and the involvement and interaction of additional gaseous and adsorbed species. Jiang and Virkar 33 reported very little difference in anode-supported cell performance using H 2 and CO mixtures instead of pure H 2 , even with CO concentration is as high as 55% (e.g., refer to the left panel of Fig. 13 ). These results can be explained through the water-gas shift reaction occurring within the porous anode (water required for the reaction is a product of the electrochemical oxidation of H 2 ). As long as the H 2 content in the fuel stream is greater than 50%-so that sufficient H 2 O can be produced to react with CO-high cell performance can be achieved because only a small amount of CO is left to directly participate in electrochemical oxidation. The cell performance under these conditions is similar to a cell operating with humidified H 2 .
Other researchers have obtained results similar to those published by Jiang et al. For example, Weber et al. 103 studied the oxidation of H 2 -CO mixtures in an electrolyte-supported SOFC using Ni-YSZ cermet anodes at 950 • C, and observed a decrease in cell performance at high CO content (> 90%). Eguchi et al. 92 also studied the effects of H 2 and CO mixture compositions on the performance of an electrolyte-supported Ni-YSZ planar cell. Results from their experiments indicate that H 2 -H 2 O-N 2 and CO-CO 2 -N 2 systems provide almost the same open circuit voltage when the H 2 -H 2 O and CO-CO 2 ratios are equal at a temperature of 1000 • C, as expected from thermodynamic equilibrium (e.g., refer to Fig. 2) . However, hydrogen is preferentially consumed by the electrode reaction, as evidenced by higher cell voltages for H 2 than CO under discharge conditions (i.e., the slope of the i-V curve is steeper for CO oxidation as the voltage decreases from the open-circuit potential with increasing current density-refer to Fig. 13) . The difference in discharge curves is ascribed to activation and/or concentration polarizations, with the latter assumed to be dominant. 92 Sasaki et al. 93 investigated the current-voltage characteristics and electrode impedance of a tubular-type SOFC for mixed fuel gases, consisting mainly of H 2 , CO, H 2 O and a carrier gas at 900 • C and 1000 • C. Their experiments confirm that CO-rich gases give comparable performance to that of H 2 -rich gases, thus concluding that mixed gases such as coal-derived syngas are useful fuels for SOFC applications. Costa-Nunes et al. 104 further explore SOFC performance using two different composite anodes (Ni-YSZ and Cu-CeO 2 -YSZ) with H 2 , CO, and syngas fuels. They found that the kinetics of hydrogen electrochemical oxidation have positive order in H 2 partial pressure for Cu-CeO 2 -YSZ and nearly zero order for Ni-YSZ. Likewise, the oxidation of CO was found to have a positive-order dependence on CO par-
tial pressure. They suggest that the higher activity of H 2 is due to spillover of H atoms from the Ni to the YSZ surface where oxidation takes place. In contrast, spillover of CO adsorbed on a metal to an oxide support generally does not occur (thus, reactions are limited to the TPB and less so on the metal and oxide surfaces near the TPB). These spillover effects are not observed for the Cu-CeO 2 -YSZ anode since the metal is largely inert and reactions appear to take place on the ceria, which is active for both H 2 and CO oxidation. It is noteworthy that the performance of a cell with a Cu-Co-CeO 2 -YSZ anode, even with a relatively thick electrolyte and operating at relatively low temperatures (700 • C), exhibits a performance with CO that rivals that of some of the best Ni-YSZ cells operating on H 2 . 104 Habibzadeh 89 experimentally studied the electrochemical oxidation mechanisms and interactions of H 2 -CO fuel mixtures on patterned-nickel anodes with different pattern geometries and various operating conditions (e.g., cell working temperature, cell overpotential, fuel partial pressure, water partial pressure). Observations from the experiments are compared to predictions from a detailed electrochemistry model adopted from Bieberle and Gauckler 78, 79 and linked to Cantera. 51 The elementary reaction steps used by Habibzadeh are summarized below:
Surface diffusion of CO
Evidence indicates that the rate-limiting process is primarily confined to a region very near the TPB. The combination of anode overpotential and cell temperature had clear and obvious effects on the rate-determining process: (i) at lower anode overpotential and lower temperature, charge transfer and surface diffusion (or adsorption/desorption) processes are both slow and potentially limiting; (ii) at higher anode overpotential or higher temperature, charge transfer is the limiting step. The results also indicate that the addition of H 2 O to CO-CO 2 mixtures could reduce the low frequency resistance of the anode and increase the rate of the charge-transfer process (by almost two times for temperatures between 700 • C and 800 • C). This suggests a major role for the water-gas shift affecting gasphase species, and/or the ability of H 2 O to increase activity of the anode catalyst.
Although Habibzadeh's model is capable of qualitatively reproducing most of the experimental data, there are some notable shortcomings. For simulated EIS, the second loop, which is associated with surface transport of species (i.e., surface diffusion or adsorption/desorption), is about six times smaller than that obtained by experimental measurement. This may be attributed to the fact that the relaxation frequency of the charge-transfer process in the model is about one order of magnitude higher than in experiments. This allows the model to be dominated by the higher frequency mode, and it will therefore not be able to capture processes occurring at lower relaxation frequencies. To capture effects of adsorption/desorption and surface diffusion, further work involving sensitivity studies and tweaking of the surface thermodynamics, particularly for YSZ surfaces, are necessary. This is critical for optimizing Ni-YSZ anode design for operation with CO-rich fuel streams. Because there is no general agreement on and a lack of understanding of the mechanism for CO electrochemical oxidation when it is the primary fuel species, this in turn impacts the level of understanding for H 2 -CO mixtures. There is not a clear or common conclusion on the oxidation mechanism, especially under different operating conditions. More carefully designed and detailed experimental studies, as well as elementary reaction models are needed to clarify the reaction pathways, kinetics, and interactions between H 2 , CO, and other species.
Hydrocarbon electrochemical oxidation
Except for studies focusing on external or internal reforming of hydrocarbon fuels for use in SOFCs, additional interest has been given to the tolerance of SOFC anodes to direct conversion of dry hydrocarbon fuels. Direct conversion of a hydrocarbon means conversion in the SOFC without pre-mixing the fuel gas with steam or CO 2 , and without processing the fuel before it enters the stack. There is some difference in the terminology found in the literature, and the use of "direct conversion" by many researchers, as well as the definition adopted here, is taken directly from Mogensen and Kammer. 31 Direct conversion therefore only involves electrochemical oxidation of the fuel and/or cracking products.
Murray et al. 28 reported the direct electrochemical oxidation of nearly pure CH 4 in SOFCs using a ceria-based anode, which resulted in power densities up to 0.37 W/cm 2 at 650 • C. This performance is comparable to that of fuel cells operating on hydrogen. They concluded that direct oxidation of CH 4 is the primary anode reaction based on several observations. First, even after H 2 O and CO 2 production, reforming rates are probably too low to compete with the direct electrochemical oxidation of CH 4 . Low reforming rates are a result of small anode area (1 cm 2 ), low temperature, and flushing of products (i.e., H 2 O and CO 2 ) from the anode compartment by relatively high fuel flow. Second, supporting evidence for direct oxidation of CH 4 is found in comparison of EIS obtained from anodes subjected to dry and humidified methane fuel. These cases give rise to impedance spectra with different shapes, and since the shape of the curve is related to the mechanism governing fuel oxidation, this revealed that the primary anode reaction was not consistent with a mechanism involving oxidation of hydrogen produced by reforming of humidified methane. Putna et al. 29 and Park et al. 105 also reported direct oxidation of CH 4 in SOFCs. Park et al. 38 more recently reported on the direct electrochemical oxidation of various hydrocarbons (methane, ethane, 1-butene, n-butane, and toluene) at 700 • C and 800 • C with a composite anode of copper and ceria (or samaria-doped ceria). They demonstrate stable operation without carbon formation in the anode, and that the final products of oxidation are CO 2 and H 2 O. Experimental measurements of CO 2 production as a function of current density from methane and n-butane (C 4 H 10 ) fuels using a Cu-ceria composite anode indicate that direct oxidation of CH 4 and C 4 H 10 occurs in a single step
They also report that only trace levels of CO were observed in the anode outlet when fueling with methane. This observation also supports direct single-step electro-oxidation.
Mogensen and Kammer 31 provide a comprehensive review of the conversion of hydrocarbons in SOFCs, and are critical of the likelihood of single-step electrochemical oxidation of a hydrocarbon fuel, even in the case of the simplest hydrocarbon, CH 4 . Instead, the reactions may proceed via the following elementary reaction steps:
Alternatively, cracking of methane followed by electrochemical oxidation of the cracking products likely follows a path given by 31
Mogensen et al. emphasized the importance of clarifying the precise mechanism of the hydrocarbon conversion process. It is important to distinguish between the different reaction pathways because the demands on the anode material differ significantly for these pathways. For example, an electrode designed for direct electrochemical oxidation of hydrocarbon should have a very high turnover rate of the hydrocarbon bond breaking. Cracking followed by electrochemical conversion of the cracking products requires an electrode that is both highly active for the cracking of methane and active for the oxidation of the cracking products. In other words, it is of great importance to know the pathway by which the conversion of hydrocarbon is to proceed in order to determine which properties of the anode should be optimized. 31 
Carbon electrochemical oxidation
Direct electrochemical oxidation of carbon also plays an important role when fueling SOFCs with carbon-based fuels. Anode stability can be seriously compromised by deposited carbon, and other SOFC components are susceptible to carbon buildup and eventual blockage if some method for removal of solid deposited carbon is not considered. For example, new work has shown that nanostructured barium oxide/nickel (BaO/Ni) interfaces (created by vapor deposition of BaO into Ni-YSZ) facilitate water-mediated carbon-removal reactions in the anode. 32 The nanostructures readily adsorb water, and the dissociated OH ad (BaO) from H 2 O ad (BaO) reacts with C ad (Ni) near the BaO/Ni interface to produce CO and H species, which can be electrochemically oxidized at the TPB in the anode. The BaO/Ni-YSZ anode displayed stable operation and high power density in C 3 H 8 , CO, and gasified carbon fuels at 750 • C, with no observable microstructural change and minimal carbon buildup. Refer to Table 1 for a comparison of peak power densities achieved with this cell and others operating with various fuels. To examine the mechanism of carbon removal, Yang et al. constructed models for DFT calculations. On the basis of that analysis, the most probable elementary processes on the anode with nanostructured BaO/Ni interfaces are predicted: 32 Dissociative adsorption of H 2 O on BaO:
COH formation on Ni:
CO and H formation on Ni (rate-determining):
Diffusion to the TPB: CO ad (Ni) → CO TPB ; H ad (Ni) → H TPB CO oxidation at the TPB:
− H oxidation at the TPB:
In addition, electrochemical oxidation of solid carbon is of great importance to SOFC systems specifically designed for 1-45 | 31 direct carbon conversion, typically abbreviated SO-DCFC for solid-oxide direct carbon fuel cell (see, e.g., Refs. [106] [107] [108] [109] . While the literature on electrochemical oxidation of carbon in molten-salt systems is vast, it is beyond the scope of this paper. Very little is known about the direct electrochemical conversion of solid carbon in an all-solid-state system. Pioneering work by the Danish company Dinex Filter Technology A/S on the electrochemical oxidation of carbon in a reactor constructed with porous ceria and catalytic active electrodes has been reported (see Ref. 31 for a reference to this and discussion), but the work is carried out under net oxidizing conditions-for diesel exhaust clean up-and not in an environment that is similar to that of the anode compartment in a fuel cell.
Gür and Huggins, 110 and subsequent more recent work from the same group (see, e.g., Refs. 111-116) are studying SOFCs utilizing fluidized-bed or gasification-driven mechanisms to obtain CO gas from solid carbon via the Boudouard reaction. The design is in principle an integrated gasifier, so that the SOFC is operating on CO as fuel and not directly on solid carbon. While their work is certainly of importance, the direct electrochemical conversion of solid carbon is not the primary current-producing mechanism.
The concept of rechargeable direct carbon fuel cells (RDCFCs) has been published by Ihara et al. 118 Their cell used pyrolytic carbon deposited by thermal decomposition of dry methane as fuel, and they showed that the SOFC can generate electrical power in repeated charging (i.e., repeated carbon-deposition cycles) and power-generation cycles-the deposited carbon allowed the cell to essentially operate as a battery, or with a fuel storage mode. Nickel-gadoliniumdoped ceria (Ni-GDC) anodes showed 8.6 times higher power density (66.5 mW/cm 2 ) and 29 times more effective carbon mass used as fuel than traditional Ni-YSZ anodes. Hasegawa and Ihara 117 later studied the reaction mechanism for the oxidation of deposited carbon in a SOFC anode, and suggested the pathways illustrated in Fig. 14 − During discharge, the O 2− is conducted into the anode ionic conductor YSZ, where it reacts with a carbon reactive site C RS of the carbon deposited in the anode. Two single-electron discharge steps follow to form a double-bonded adsorbed structure C RS O (carbonyl group C=O, including adsorption with small and large lattice defects). The C RS O desorbs as CO or absorbs a second O 2− to eventually produce CO 2 . 106 A fundamental understanding of carbon electrochemical oxidation is of significant importance for SOFC anode design. Whether the goal is to mitigate carbon deposition to prevent buildup and eventual loss of cell function in SOFCs utilizing hydrocarbon fuels, or direct conversion in SOFCs using solid carbon fuel sources, reaction pathways for carbon electrochemical oxidation are necessary to develop stable and optimized anodes. 
Thermochemistry in SOFC anodes
Typical operating temperatures of SOFCs are high enough that homogeneous gas-phase chemistry within the anode and fuel channel should be considered with hydrocarbon fuels. Moreover, because the most common anode metal is nickel, there are abundant nickel catalysts to promote thermochemical reactions via heterogeneous chemistry. It is well known that nickel is an efficient catalyst for hydrocarbon cracking, and is highly susceptible to carbon deposition sometimes leading to the growth of carbon nanofibers (or whiskers), which separate the Ni particle from the YSZ. 31, 119, 120 Both homogeneous and heterogeneous chemistry play key roles in reforming the hydrocarbon fuel into a hydrogen-and CO-rich fuel. Inside the porous anode, homogeneous chemistry is sometimes ignored based on the argument that homogeneous reactions of methane with H 2 O and CO 2 are very slow at 800 • C or lower. 40, 48 However, for higher hydrocarbon fuels, higher temperatures, or partial oxidation conditions, homogeneous reactions are important for controlling the relative composition of gas-phase species. In principle, the majority of the anode channel is exposed to the interconnect material, and only a fraction is exposed to the anode material containing Ni catalysts. Therefore, homogeneous chemistry is of greater importance and cannot be ignored in the channel (i.e., where oxidation products like H 2 O and CO 2 combine with and reform the fuel as it moves downstream). 121,122
Reforming and shifting reactions
There are various alternatives for the reformation of hydrocarbons, including steam reforming, dry reforming, partial oxidation, autothermal reforming, and thermal decomposition. In the context of SOFCs, the reforming of hydrocarbon fuels may, in general, take place externally in a separate process, or internally inside the hot stack. Each of the aforementioned global reforming processes is briefly discussed below. The reader is referred to Ref. 6 for a comprehensive discussion of and performance predictions of an SOFC using syngas derived from partial oxidation (CPOx) or steam reforming of methane and dodecane, and gasification of coal or biomass. A thermodynamic summary of each of the reactions is provided graphically in Fig. 15 . These reforming reactions proceed through homogeneous and heterogeneous elementary thermochemical reaction steps. Homogeneous elementary chemistry is well developed in the combustion literature, and Hecht et al. 40 recently proposed an elementary heterogeneous reaction mechanism for CH 4 on Ni-based catalysts. The reaction mechanism consists of 42 irreversible reactions among 6 gas-phase and 12 surface-adsorbed species. The full mechanism covers the global aspects of steam reforming, dry reforming, the water-gas shift (forward and reverse), and car- bon deposition. This mechanism was adopted by Zhu et al. 48 and later improved by Janardhanan and Deutschmann. 41 The full mechanism with reaction-rate constants is detailed in Table 8. For steam reforming on nickel-based catalysts, the elementary reaction steps can be summarized according to: 7 • CH 4 adsorption and dehydrogenation to form the chemisorbed surface species CH 3 (Ni), CH 2 (Ni), CH(Ni), and C(Ni);
• H 2 O adsorption and dissociation to form the surface species OH(Ni), H(Ni), and O(Ni);
• formation of the intermediate surface species CH x O(Ni), which are related to the formation of the precursors of CO and CO 2 ;
• coke formation due to CH 4 thermal cracking and Boudouard reaction;
• carbon gasification by CO 2 , H 2 , and steam. Arrhenius parameters for the rate constants written in the form: k = AT n exp(−E/RT ). The units of A are given in terms of moles, centimeters, and seconds. E is in kJ/mol. Coverage-dependent activation energy appearing in k = AT n exp(−E/RT ) exp(−ε CO θ CO /RT ). The total available surface site density is Γ = 2.66 × 10 −9 mol/cm 2 . ε CO is in kJ/mol.
hydrogen, carbon monoxide, and a relatively small amount of carbon dioxide. Steam reforming is extremely endothermic, and therefore requires an external source of heat but can sometimes utilize recycled heat from exothermic processes depending on system configuration. The reforming process is generally followed by the water-gas shift (WGS) reaction (mildly exothermic), where the carbon monoxide can further react with steam to produce more hydrogen. The SR and WGS reactions are, respectively,
Dry reforming.
It is well known that CO 2 can behave as an oxidant for hydrocarbons in the presence of a suitable catalyst, so-called dry reforming or carbon dioxide reforming. Carbon deposition is a particular concern with dry reforming, especially with Ni-based catalysts. Dry reforming is also a strongly endothermic reaction, but it provides a use for sequestered CO 2 to produce useful syngas mixtures. For a general hydrocarbon, the dry-reforming reaction is Partial oxidation (POx) is a chemical reaction between the hydrocarbon and oxygen (generally from air because of its convenience and cost) in a substoichiometric ratio, hence the name "partial oxidation." It is an exothermic process, and typically has lower efficiency than other reforming methods because of energy loss in oxidizing the hydrocarbon. Because there is not a need for an external heat source, POx is characterized by a much faster startup time than steam reformers. Catalytic partial oxidation (CPOx) reduces the required reforming temperature from around 1200 • C to 800-900 • C through the use of a catalyst (e.g., nickel). Catalyst selection and stability can be an issue for high-sulfur-containing fuels. The CPOx reaction is weakly exothermic, eliminating the need for external thermal inputs. Partial oxidation is characterized by the general reaction dioxide) in a reaction with methane, for example, to form syngas. It has merits from both processes in that ATR is more flexible than SR with respect to startup time and has higher efficiency than POx. The heat produced by the partial oxidation reaction is used in the reforming reaction. The reactions below are for ATR of methane-when steam is used, the resulting syngas is a mixture of H 2 :CO=5:2, whereas when carbon dioxide is used, the syngas mixture has a ratio H 2 :CO=1:1.
5.1.5 Thermal decomposition. Thermal decomposition is a chemical decomposition of the hydrocarbon that requires heat to break the chemical bonds. High purity hydrogen can be obtained from such processes, but removal of fuel impurities (e.g., sulfur) and solid carbon will be an issue in SOFCs. Thermal decomposition of methane proceeds by the reaction
Carbon deposition
A significant concern during reforming processes is the formation of solid carbon through undesired side reactions. Amongst other deleterious effects, solid carbon formed in the anode can block the pores and increase transport resistance for gas species trying to reach the TPB, and/or prevent reforming reactions by covering the catalyst particles. At typical SOFC operating temperatures with hydrocarbon or syngas fuels, the extent of carbon formation depends on factors such as the steam/carbon ratio, operating conditions (e.g., temperature, pressure, current density), and anode catalyst. Although it is possible to minimize carbon deposition on traditional Ni-YSZ anodes by providing sufficient H 2 O in the fuel stream, the amounts required are generally excessive, diluting the fuel and reducing overall efficiency, in addition to creating deviceand systems-scale complexity because of the need for water management solutions. In this light, analysis of carbon deposition in the SOFC anode-including the deposition and growth mechanisms, and material tolerances-is absolutely necessary if SOFCs are to be a viable and economical option for efficiently utilizing carbon-containing fuels.
Deposition and growth mechanisms.
There are two primary mechanisms for carbon formation in SOFC anodes: (i) heterogeneously formed carbon nanowires or • Slow polymerization of C n H m rad-• Thermal cracking of hydrocarbon • Nucleation and whisker growth from icals on the Ni surface, eventually
• Deposition of C precursors on below the Ni particle, eventually sepforming an encapsulating film catalyst arating the particle from the electrolyte (see Fig. 16 )
Effects
• No deactivation of Ni surface • Progressive deactivation • Encapsulation of catalyst particle • Breakdown of catalyst and increas-
• Deactivation and increasing ing pressure drop pressure drop
• Activity of catalyst nanofibers that grow on the catalyst; 124, 125 and (ii) homogeneously formed soot that can deposit anywhere in the anode. [126] [127] [128] The soot, or pyrolytic carbon, can encapsulate and deactivate catalyst particles. For each of these mechanisms, the formation characteristics and resulting impact on the anode (and therefore, the cell behavior) are summarized in Table 9 .
Encapsulating carbon is known to form by slow polymerization of C n H m radicals on the Ni surface, most often at temperatures lower than 500 • C. Because the operating temperatures of SOFCs are typically well above this, it is not of much concern. However, growth of carbon nanofibers and soot formation are prevalent at elevated temperatures in the range of SOFC operation, and the mechanisms governing their formation have been well investigated. Pyrolytic carbon has been studied extensively in combustion science, 126, 127 and can be formed in the absence of a catalyst via gas-phase condensation reactions. 128 Simple hydrocarbon fuels react to form a polyaromatic hydrocarbon (PAH) via abstraction, beta-scission, and addition/recombination. These PAHs are regarded as precursors of carbon deposition or soot formation. The deposition propensity is predicted by the sum of mole fractions of all species containing five or more carbon atoms. 122, 128 Alternatively, the formation of carbon fibers involves a dissolution and diffusion of carbon atoms into the metal catalyst (where the source of carbon originates from dissociation of hydrocarbons over the catalyst), followed by precipitation of carbon atoms as a graphite fiber on the surface. 125 The formation of carbon fibers can result in removal of Ni particles from the electrode-a process that occurs when the nickel catalyst is physically lifted from the electrode by its attachment to the growing carbon fiber (see Fig. 16 and Ref. 124)-and can eventually cause the electrode to fracture because of the mechanical stresses induced by many growing fibers. 129 The propensity for solid carbon formation has also been examined using equilibrium thermodynamic calculations. 35, 121, 130 Most thermodynamic analyses use thermochemical properties of graphite to represent the carbon phase because these values are readily available. However, assuming graphitic carbon may not be appropriate for predicting the onset of carbon deposition. 125 There is evidence, for example, in which carbon deposition has not been observed experimentally although thermodynamic equilibrium calculations using properties of graphite predict its formation. In contrast, there are reports of carbon formation under conditions where it is predicted to be thermodynamically unfavorable. 125 The predictive failures may result from a lack of thermodynamic information for activation barriers relating to the carbon growth mechanism (e.g., the deposition and growth of hollow carbon tubes would certainly have a different activation energy than a solid fiber, and even more so than a deposited carbon film). Because the growth mechanism depends on operating conditions and catalyst type, the contribution of chemical kinetics, which has similar dependencies, is also likely important. which effectively promote hydrocarbon reforming reactions. Costa-Nunes et al. 137 reported that the addition of 1 wt.% Pt into the Cu-CeO 2 -based anode greatly improved the performance of a SOFC operating on hydrocarbon fuels. Hibino et al. 37, 138 used a Ru-Ni-GDC anode and a thin ceriabased electrolyte-film hydrocarbon-fueld SOFC. The Ru catalyst was shown to effectively promote hydrocarbon reforming and the cell achieved a peak power density of 0.75 W/cm 2 with dry methane, which is comparable to 0.769 W/cm 2 with humidified (2.9 vol.% H 2 O) hydrogen. Zhan et al. 26, 39 used a conventional anode with a Ru-CeO 2 catalyst layer to internally reform iso-octane without coking.
Other metals have also been used to decrease carbon deposition on a catalyst. A small amount of gold present in a Nibased catalyst has been shown to significantly reduce carbon deposits during steam reforming of methane, 139 most likely due to inhibition of methane dissociation by Au. 140, 141 For example, Gavrielatos et al. 142 tested an Au-modified Ni-YSZ anode (1% Au with respect to Ni) in methane-rich steam reforming conditions, and found the electrode to be highly tolerant to carbon deposits, even at methane-to-water ratios as high as 3, at temperatures in the range 700-900 • C.
Perovskites are also commonly used as anode materials, which are metal-oxide compounds with the general formula ABO 3 . Cations A and B are able to combine more than two metal ions. 1 Perovskite oxides containing transition metals at B sites have been proven to be effective catalysts not only for electrochemical reduction of oxygen, but also for the combustion of light hydrocarbons (e.g., CH 4 , C 2 H 6 ). 143, 144 Hydrocarbon oxidation over perovskite oxides is thought to proceed by both suprafacial and intrafacial reactions. 145 The suprafacial reactions take place between the adsorbed species on the surface at relatively low temperatures, and the reaction rates appear to be correlated primarily with the electronic configurations of the surface transition-metal ions. The intrafacial reactions typically occur at high temperatures, with rates that are greatly dependent on the thermodynamic stability of oxygen vacancies adjacent to the transition-metal ion.
Studies have reported that LSCF exhibits good catalytic activity for direct CH 4 oxidation and is less susceptible to deactivation through carbon deposition than conventional Ni-YSZ anode catalysts. Electrochemical oxidation of methane on LSCF catalysts used in a SOFC anode environment is thought to occur via: 146 (1) CH 4 decomposition; (2) electrochemical oxidation of hydrogen species to H 2 O; and (3) electrochemical oxidation of CO to O 2 . The formation of CO 2 and CO takes place in a parallel pathway (i.e., C+2O 2− CO 2 +4e − , C+O 2− CO+2e − ), where the intrinsic rate constant for the formation of CO 2 is greater than that of CO.
Despite the attention given to perovskite materials for applications as anodes in hydrocarbon-fueled SOFCs, [147] [148] [149] [150] [151] [152] [153] [154] [155] [156] [157] their performance is still less favorable compared to Ni-YSZ cermet anodes. Aside from relatively low electrochemical activities, other issues must be addressed if perovskites are to be used in SOFC anodes, 1-3 including relatively low stability in a reducing environment, and relatively low electronic conductivity compared with metal catalysts.
5.3 H 2 S poisoning and oxidation 5.3.1 H 2 S poisoning. Most available hydrocarbon fuels contain some amount of sulfur, which is a poison for nickel steam-reforming catalysts and for many anode catalysts including platinum. The adsorption of sulfur on nickel is reversible at low concentrations. However, at high concentrations, bulk sulfidation occurs causing permanent damage to the catalyst. The sensitivity of nickel to sulfur poisoning decreases with increasing temperature, so SOFCs are able to tolerate higher concentrations of sulfur in the fuel feed than other lower-temperature fuel cells. In general, the concentration of sulfur in the fuel needs to be reduced to 0.2 ppm or lower. Sulfur is mainly found in the form of hydrogen sulfide because organic sulfur compounds, usually included as an odorant, reform to H 2 S during desulfurization. The existence of H 2 S in the fuel gas decreases the anode electrochemical activity as a result of contamination of reaction sites by sulfur adsorption on the Ni catalyst surface. Outside of the anode, sulfur species can be equally deleterious because H 2 S is a highly corrosive gas and its existence can lead to corrosion of other cell components.
To eliminate the need for desulfurization units in naturalgas-or coal-syngas-fueled SOFC systems, developing anode materials with high sulfur tolerance is absolutely crucial. Without having to expend energy to clean the fuel of sulfur, the overall system efficiency can be improved, and system cost and complexity can be reduced. Even small efficiency improvements and reductions in cost can have a big impact on overall cost per kW-the DOE target for SOFCs to be commercially viable is $400/kW-because both the numerator and denominator are contributing to a reduced ratio.
Experiments designed to study the effects of H 2 S on the performance of a Ni-YSZ anode show the onset of performance degradation for H 2 S concentrations of 0.05, 0.5, and 2 ppm at operating temperatures of 750 • C, 900 • C, and 1000 • C, respectively. 158, 159 That is, the cell was able to withstand higher concentrations of H 2 S at higher temperatures before decreases in performance were observed. Losses in performance were shown to be recoverable if the sulfur was removed, with better recovery at lower temperature. The degradation phenomenon has been identified and confirmed by others, but the mechanism causing deterioration has yet to be identified. Because of the ability to recover performance-sometimes up to 90% recovery-it is presumed that the strong adsorption of sulfur or H 2 S on active sites in the Ni-YSZ anode blocks these sites from being electrochemically active 160 (i.e., there are less available sites for H 2 species to adsorb, dissociate, and participate in charge transfer). Irreversibilities, on the other hand, are suggested to be the result of NiS formation. 159 Studies of nickel-sulfide interactions by Raman spectroscopy at high temperatures indicate that NiS is the prevalent species at SOFC operating conditions.
Various H 2 S-tolerant materials have been studied. A Ni-GDC anode operating for more than 500 h (at 850 • C and 0.2 A/cm 2 ) on simulated coal syngas with up to 240 ppm H 2 S had a degradation of 10-12.5% (measured as a decrease in power density compared to the same cell without H 2 S). 161 Cheng et al. 162, 163 analyzed the stability of various perovskites-such as transition-metal carbides, borides, nitrides, and silicides-for tolerance to sulfur in a SOFC anode environment using thermodynamic principles. Estimation of the thermochemical data for oxides with perovskite structure provides valuable predictions about the stability of those materials. Mukundan et al. 164 tested several perovskites and found that a Sr 0.6 La 0.4 TiO 3 -YSZ (50-50 wt.%) anode showed no degradation in the presence of up to 5000 ppm of H 2 S in a hydrogen fuel. That same anode was able to operate for 8 h with 1% H 2 S as a fuel and showed no degradation when the fuel was switched back to hydrogen.
Although a selection of anode materials have potential as candidates when operating with sulfur-containing fuels, other issues remain. For example, the anode must not only tolerate sulfur contaminants while continuing to promote chargetransfer reactions, but it must withstand other impurities that will most certainly be found in coal syngas from coal gasification. Research in areas of material tolerance to contaminants must continue to find effective catalysts in coal-syngas-fueled SOFCs.
H
S as a fuel, rather than pollutant. Despite the observed performance drop potentially caused by the blockage of surface reactive sites by sulfur species, the cell still has the ability to electrochemically oxidize H 2 S, [165] [166] [167] [168] which demonstrates the possibility of using it as a fuel.
In a SOFC, oxide ions in the solid-oxide electrolyte can react with H 2 S in the anode according to the charge-transfer reactions where the reversible Nernst potentials are calculated for a global redox reaction relative to air, and assuming an equilibrated mixture of 98% H 2 S and 2% products in equal mole amounts. Note also that the OCVs for the global redox reactions have different dependencies on temperature; the top anodic half-cell reaction yields an OCV that increases with increasing temperature, whereas the OCV associated with the lower half-cell reaction decreases with increasing temperature. In addition to multiple oxidation pathways, the dominant mechanism may also involve thermal decomposition of H 2 S on the anode (given by H 2 S H 2 + (1/2)S 2 ), as well as reactions between H 2 S and SO 2 (e.g., 2H 2 S + SO 2 2H 2 O + (3/n)S n ). To complicate things even further, sulfur species generated in the oxidation reactions can participate in charge transfer as well, e.g., Anode catalysts comprised of composite metal sulfides derived from mixtures of Mo and other transition metals (e.g, Fe, Co, Ni) have been shown to be stable and effective for conversion of H 2 S in SOFCs, with Co-Mo-S admixed with up to 10% Ag exhibiting superior activity and longevity. 167 Other reports in the literature confirm the performance of metal sulfides as viable anode materials for carbon-and sulfur-resistant SOFCs. 165 There is a general lack of knowledge regarding the oxidation mechanism for H 2 S, which is certain to be catalystdependent. Monder et al. 166 developed a hierarchy of models to describe the performance of a single H 2 S-fueled SOFC button cell used previously in experiments. 167 The model objectives were to estimate kinetic parameters associated with electrochemical reactions coupled with mass transfer. The models range in complexity from an algebraic system of equations used to calculate activation, concentration, and ohmic losses, to a physics-based two-dimensional finite-element model. However, comprehensive validation of the models and predicted parameters is still needed. Future work should target detailed electrochemical studies of the electrodes to investigate the fundamental reaction mechanisms, with multi-step elementary reactions including competitive adsorption and desorption of reaction species.
Concluding remarks
The high fuel flexibility of solid-oxide fuel cells (SOFCs) makes it possible to use relatively cheap, safe, and readily available hydrocarbon or coal syngas fuels, thereby increasing the feasibility of near-term SOFC commercialization for cleaner and more efficient conversion of these fuels to generate power. In the first part of this paper, the basic operating principles and performance of SOFCs with different fuels were summarized. Results from a wide range of studies indicate that SOFCs have unmatched potential for replacing much dirtier, less efficient combustion systems while operating on the same raw fuel sources. However, most of these results are reported for laboratory-or device-scale experiments and 1-45 | 39 there are still a set of challenges to overcome before singlecell experiments are scaled up to large stacks and integrated with other components of a power generation system.
Ni-yttria-stabilized zirconia (Ni-YSZ) cermets and slight variations thereof are currently the most common anode material for SOFC applications. The electrochemical reaction mechanisms and transport processes of hydrocarbon and syngas fuels within Ni-YSZ anodes is extremely complex, especially when additional consideration must be given to complications of carbon deposition and sulfur poisoning. In the second part of this paper, we have summarized several possible reaction mechanisms appearing in the literature for the electrochemical oxidation of H 2 , CO, CH 4 , and solid carbon, as well as other hydrocarbons. Even for the simplest and most studied fuel H 2 , there is still not a clear and concise conclusion on the oxidation mechanism, charge-transfer, or rate-determining kinetics, especially under different operating conditions. For all the fuels considered in this paper, more carefully designed experimental studies and elementary reaction models are needed to elucidate the reaction mechanisms and kinetic parameters (at different operating conditions and on different relevant catalysts). It is important to distinguish between the different reaction pathways (especially for hydrocarbon fuels) because the demands on the anode material differ significantly for these pathways.
A significant concern during SOFC operation with hydrocarbon or syngas fuels is the formation of solid carbon through undesired side reactions. The mechanisms for solid carbon deposition are not yet known, but they will almost certainly depend on the material and the operating conditions in the cell. Although carbon formation on Ni can be suppressed or avoided with changes in operating conditions (e.g., temperatures, and most notably, steam content in the fuel stream), novel anode materials or additives must be developed to extend the range of applicability of SOFCs beyond hydrogencontaining fuels (e.g., dry-gasified solid carbon or pure CO). For instance, Cu-based, ceria-based, metal alloys, and perovskite materials have been shown to at least have some potential. These novel anode materials must not only be effective electrocatalysts without being susceptible to coking, but they must also tolerate pollutants in the fuel stream that could diminish SOFC performance. The existence of H 2 S in the fuel gas can decrease anode electrochemical activity due to contamination of reactions sites by sulfur adsorption on the Ni catalyst surface. The effects of sulfur in the fuel (some positive, most negative) were also reviewed in this paper.
Electro-and thermochemistry are discussed in the context of SOFC-MEA modeling. The missing piece to a fairly complete model is a representation of the mass transport within the SOFC flow channel and porous electrodes. As a whole SOFC modeling is a complex and crucial component of fuel cell development. The interdependence of heterogeneous chemistry, charge-transfer processes, and transport determine the rate and ability of the cell to deliver current to an external load. This interdependence coupled with physical access limitations means it is difficult to study these processes experimentally (except with well-thought-out setups such as patternanode experiments), so mathematical and physical models are absolutely important to study each process and its connection to the others. Understanding the rate-limiting processes and exploring the impact of electrode microstructure on fuel cell performance are critical for optimization, and essential to move SOFC technology to the forefront of cleaner and more efficient power generation for near-and long-term solutions. concentrations of gas species at the TPB is required. For reactive flow in the porous electrodes, the gas-phase species concentrations must satisfy
where J k is the net molar flux vector (units of mol/m 2 /s) of species k, A s the active catalyst area per unit electrode volume (per m),ṡ ∼ gas,k the production rate of gas species k due to heterogeneous chemistry (mol/m 2 /s), andṡ gas,k the production rate of gas species k due to homogeneous gas-phase chemistry (mol/m 3 /s). The net production rates are in general given bẏ
where q i is the rate of reaction i and ν ki is the net stoichiometric coefficient of species k in reaction i (taken to be positive for products and negative for reactants). The reaction rates are computed from massaction kinetics, 59 with temperature-dependent rate coefficients in Arrhenius form k i = A i T n i exp(−E i /RT ). 48 To compute the net production rates, a multistep reaction mechanism is needed. For example, the reactions of methane on nickel-based catalysts have been extensively studied in the literature, resulting in a reaction mechanism (see Table 8 ) consisting of 42 irreversible reactions among 6 gas-phase and 12 adsorbed species. 40, 41 The multistep heterogeneous chemistry describing the reforming of methane on nickel can be used to calculateṡ ∼ gas,k for each species k. This mechanism has been adopted in whole or in part in many SOFC models. [42] [43] [44] 48, 49, 57 Likewise, a mechanism describing homogeneous gas-phase thermochemistry can be included to computeṡ gas,k . Important thermochemical reactions (e.g., reforming, water-gas shift, POx) are discussed in earlier sections of this paper.
The species molar fluxes J k are evaluated with a transport model 60 (e.g., Fick's laws of diffusion, dusty-gas formulations, 61 StefanMaxwell diffusion). Species transport in fuel cells has also been modeled using lattice-Boltzmann models [62] [63] [64] and Monte-Carlo-type simulations to predict species diffusivities. 19 Fuel cell models must accurately represent the major physical processes that affect transport in porous media, including molecular diffusion, Knudsen diffusion, surface diffusion, and viscous Darcy flow. The most comprehensive transport model is arguably the dusty-gas model (DGM), 61 which is a multicomponent transport model derived from kinetic theory. It is applicable over a full range of Knudsen numbers, from values much larger than 1 (molecule-wall collisions dominate, and Knudsen diffusion is the controlling mechanism), to values much less than 1 (molecule-molecule collisions dominate, and bulk diffusion is controlling). 48 The DGM can be written as an implicit relationship among the molar concentrations [X k ], molar fluxes J k , concentration gradient, and pressure gradient as for k = 1, 2, ..., K g . Here, [X T ] = p/RT is the total molar concentration, B is the permeability of the porous electrode, µ the mixture viscosity, and D e k and D e k,Kn the effective ordinary and Knudsen diffusion coefficients, respectively. Because Knudsen diffusion is governed by molecule-wall collisions, it is highly dependent on the porous electrode microstructure, including porosity φ , tortuosity τ, and average pore radius r p . The effective diffusivities can be evaluated as
where W k is the molecular weight of species k. The ordinary multicomponent binary diffusion coefficients D k and mixture viscosity µ are determined from kinetic theory. 59 Alternatively, software packages such as Cantera 51 can be used to easily compute these. One deficiency of the DGM is the exclusion of surface diffusion. While surface diffusion is neglected in some models because it is assumed that surface species are effectively immobile on length scales larger than an individual particle, 48, 49 experiments by Williford et al. 73, 88 indicate that species adsorption and surface diffusion limitations near the TPB may be the dominant phenomena giving rise to the concentration polarization. Surface diffusion has been included by some, 58 but its importance is still not entirely known, especially for the various species that may participate in charge-transfer reactions. A more recent analysis by Janardhanan and Deutschmann 169 shows that surface diffusion does not lead to concentration losses in solid oxide fuel cells, but the authors suggest that current-limiting behavior resulting from concentration gradients may originate from the back diffusion of product species at the channel/electrode interface. This effect will only be important for low flow velocities in the channels, giving rise to species diffusion velocities on the same order as the mean flow velocity.
Ohmic overpotential. The three fundamental overpotentials appearing in Eq. 8 describing sources of voltage loss in a fuel cell are the activation overpotentials η act,i (due to losses associated with charge-transfer kinetics), concentration overpotentials η conc,i (due to losses associated with mass-transport limitations), and the ohmic overpotential η ohm (due to ion-and electron-transport resistances). As in previous sections, the subscript i is used to indicate each electrode ("a" for anode and "c" for cathode). The activation overpotentials are introduced and discussed in the ensuing sections. The
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concentration overpotentials and their dependence on mass transport were discussed in the foregoing sections. For the purposes of completeness, it is certainly worthwhile to briefly discuss losses associated with transport of charged species.
The ohmic overpotential η ohm , due primarily to resistance of ion and electron transport, can be represented as 48 η ohm = Φ e,a − Φ e,c = iR tot (A-10)
where R tot = R el + R ed is the total area-specific cell resistance, including the solid electrolyte R el and area-specific resistances in the electrodes R ed . The overpotential is also written in terms of the potential difference across the electrolyte Φ e,a − Φ e,c . In composite cermet electrodes (e.g., Ni-YSZ anodes), the electrode resistance R ed is usually negligible because of sufficient conduction paths for both ions and electrons. However, in ceramic electrodes such as an LSM cathode, the electrode ohmic resistance can be important. 48 The most significant contribution to the total cell resistance is due to the electrolyte R el , which can be determined from the ionic conductivity of the electrolyte σ el as R el = L el /σ el , where L el is the electrolyte thickness. 48 The ionic conductivity of the electrolyte is expressed as 48, 170 σ el = σ 0 T m exp − E el RT .
(A-11)
In this Arrhenius-type expression, σ 0 is the pre-factor, m is a dimensionless exponent (generally less than zero), and E el is the activation energy of O 2− transport in the electrolyte. Note that R tot , R el , and R ed are not related to the charge-transfer resistance R ct ; the former are associated with the ohmic resistance to transport of charge carriers (i.e., ions and electrons), while the latter is a resistance describing the kinetics of charge-transfer chemistry. A charge-transfer resistance R ct can be derived from the ButlerVolmer equation by taking the partial derivative of the current density i with respect to the activation overpotential, 47 In this equation A TPB is area of the TPB at which charge transfer occurs. At zero activation overpotential, one obtains a relationship between the exchange current density and charge-transfer resistance
R
where β a + β c = 1 has been used. The charge-transfer resistance can be determined from electrochemical impedance spectroscopy (EIS) measurements. 171, 172 
